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A BSTRACT
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Photonic integrated circuits (PICs) are attracting attention in a wide range of applications
due to their superior performance over traditional discrete photonic devices. However, the development of PICs is bottlenecked by the integration of different fundamental building blocks.
High sensitivity and diverse material properties hinder the realization of a monolithic photonic
integrated circuit platform. High-efficiency solutions for photonic device integration are critical
for making high-performance and low-cost devices.
The objective of this work is to demonstrate high-efficiency optimization methods for a
comprehensive photonic integrated chip system. This work analyzes the transition of optical
signal waves between each component in a PIC and optimizes the efficiency while using costeffective methods. Specifically, we present a plasmonic vertical coupler for out-of-plane fiber
coupling with a compact footprint, and an efficient edge coupling method that provides ¡ 3dB
connector-to-connector loss, a bi-layer grating coupler optimized for III-V photodiode detection that achieved more than 70% coupling efficiency, and an electro-optic modulator that has
iii

iv

optimal optical or electrical mode overlap & transitions. This work details waveguide on-chip
coupling, waveguides inter-layer coupling, and mode transition between the various materials
and devices. These were optimized using a combination of the following methods: ber splicing, mode matching, mode conversion, mode confinement analysis, and piece-wise bonding.
For each optimization method, the fundamental principles, simulations, and experimental results are illustrated. Overall, this work has realized improvements in the hybrid integration of
various materials on the same integrated photonics platform.
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Chapter 1
Introduction

Figure 1.1: Photonic integrated circuits with active and passive components rendered in 3D.

In the last few decades, a massive quantity of research in the field of silicon photonics
devices has been presented. Photonics devices provide clear advantages over electric circuits
in terms of operational bandwidth, power consumption, and thermal control. Meanwhile, the
merging of traditional electric circuits and photonics devices is gaining popularity. The well1

CHAPTER 1. INTRODUCTION

2

known Moore’s law foresees the industrialization of silicon. It claims that every 18 months,
the size of electrical circuits on a single chip will double, and transistors will decrease to half
their current size. Traditional electric circuit chips, on the other hand, are facing hurdles from
power, resistive-capacitive delays, thermal dissipation, quantum tunneling, and other issues as
transistors become smaller and smaller. Despite the fact that various technologies, such as the
fin field-effect transistor (FIN-FET), have been proposed to address these issues, the overall
development of electric circuits has stagnated in the last decade.
One of the most promising technologies for partially replacing silicon-based circuitry is
PIC based on silicon. Because photonics devices lack resistors and capacitors, the PIC has a
far larger potential for producing high-performance devices. A state-of-the-art sampling device
using a typical electrical circuit, for example, has a frequency of only a few gigahertz, but an
all-optical temporal integrator has a frequency of hundreds of gigahertz [83]. Because of its
ultra-high sensitivity, PIC can be used in biosensors [8, 45], chemical detection [38], temperature sensing [31], and other applications. The benefits of PIC become more evident as the
tension between rising demands for high-speed calculations and the electrical circuit’s limited
operational frequency becomes more difficult to overcome.
The coaxial cable is well known for having a limited bandwidth for handling high-volume
telecommunication data. Over a short distance, coaxial cable has a bandwidth of a few hundreds
of megahertz (a few kilometers). Optical fiber, on the other hand, can easily achieve terahertz
over long distances (hundreds of kilometers) with minimal loss [80]. For many years, server-toserver photonics transmission (also known as optical fiber telecommunication) has been used.
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Electro-optic modems are used to connect internet servers and personal computers (PCs), as
well as PCs to PCs. The upcoming topic will concentrate on smaller parts, such as chip-to-chip
communication.
In addition to uses in the telecommunications sector, PIC is also widely used by businesses
in other sectors. For instance, biosensing [8], LiDAR [89], 5G [70], etc. The importance of PIC
is growing since it offers enormous potential to address the issues that are causing bottlenecks
in those areas. However, there are numerous difficulties because the PIC’s emphasises vary in
areas like compatibility, modulation, dependability, and size.
To meet these demands, proposed techniques must be low-cost, high-efficiency, compact
in size, and CMOS manufacturing suitable for various applications. These parameters are the
most important criteria for assessing the methods’ figures of merit. Because PIC combine
the advantages of photonic devices and electric circuits, they become an excellent contender
for these purposes. PIC has been utilized extensively in quantum communication [58], neural
networks [29], ultrafast communications [49], and a variety of other fields.

1.1 Challenges for PIC
Silicon (Si) is the most commonly used material in semiconductor development. It is widely
available and has well-developed industrial processing processes. Si is transparent in the nearinfrared wavelength range, namely between 1.1 and 6 micrometers [75]. It also has a high
refractive index, making it easier to construct PIC compactly. Si has a propagation loss on the
order of 2 dB/cm [53]. Because of these characteristics, Si has become the most used material
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for PICs.
Although the use of Si in photonic integrated circuits has numerous advantages. The silicon material, on the other hand, has an indirect bandgap feature. The majority of the current
injected into silicon will produce phonons rather than photons. Silicon-based photonic amplifiers, light sources, and other high-efficiency active photonic elements are hard to construct.
To excite electroluminescence from silicon, some advanced approaches are given, including
porous silicon [4] and silicon superlattices [44]. These methods, on the other hand, necessitate
complex mechanisms and cannot function at room temperature.
Meanwhile, materials in the group III-V, such as gallium, indium, and phosphorus, perform significantly better in the electroluminescence or optoelectronic domain. Gallium arsenide
(GaAs), indium phosphide (InP), and their alloys, for example, are widely used in light-emitting
diodes (LEDs), lasers, solar cells, and other applications. III-nitride materials, such as gallium
nitride (GaN), exhibit excellent photonics capabilities in the UV range. Similarly, due to its
large electro-optic coefficient, lithium niobate (LiNb) is one of the best materials for building
an electro-optic modulator. At the same time, silicon and silicon nitride (SiN) are the most costeffective materials for waveguides, couplers, splitters, and other passive components. Table 1.1
presents a comparison of several types of materials in PIC.
Due to the photon’s properties, photonics devices typically lack the cascade features required to create logic circuits. Most photonics devices require electrical circuits to supply an
external signal, thermal control, or power. As a result, a complete PIC must necessarily incorporate silicon, III-V material, metal, and other materials.
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Table 1.1: Different Types of Materials’ Performance in Various Aspects
Si

SiN

III-V

LiNb

Benchmark

Passive Devices

!!!!!

! ! !!

!

!!

Electro-optic Modulation

!!!

!

!!

!!!!!

Fiber Coupling

!!!

!!!!!

!

!!!

Mode Matching

Electronics Integration

!!!!!

! ! !!

! ! !!

!!!

Process Capability

Detector

! ! !!

!

!!!!!

!

Light Source

!

!

!!!!!

!

Cost

!!!!!

! ! !!

!

!!

Cost of Materials

Fabrication

!!!!!

! ! !!

!!

!

Growth and Etching

High Refractive Index
Low Propagation Loss
High Electro-optic
Efficiency

Photons-electronics
Conversion Efficiency
Energy-photons
Conversion Efficiency

The majority of PICs are custom-made for specialized purposes because to the rigorous
constraints of photonic circuits. These photonic circuits have diverse fabrication techniques and
operational needs to retain their optimal performance. The integration of diverse PIC chips has
become unprecedentedly complicated, making PIC development increasingly difficult. PIC’s
ultra-high sensitivity makes it difficult to combine several photonic circuits.
Some fabrication techniques are compatible with each other, whereas others are not. In
terms of lattice type, electrical and thermal conductivity, process compatibility, and so on, these
materials have varied contradictory properties against each other. As a result, researchers have
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faced an inevitable barrier in integrating active and passive PIC components. The PIC’s key
challenges are comprised of all of these issues.

1.2 Current Status
As we disscussed in the previous section, one of the most significant advantages of employing
silicon in PIC research and industrial infrastructures is CMOS compatible fabrication. The high
refractive index of silicon enables for narrow waveguides and device footprints, allowing for
the PIC’s compact design. Silicon’s non-direct bandgap feature, on the other hand, renders it
hard to utilize as a photon source or detector.
There are three main methods for integrating silicon-based PICs, III-V active components,
and other materials: (1) local growth on patterned silicon substrate [13,39,40,41]; (2) heterogeneous integration (bonding) [20,21,33]; and (3) hybrid integration [35,54]; The terms“heterogeneous
integration” and “hybrid integration” are frequently interchanged. The heterogeneous integration takes place during the fabrication of a PIC chip, whereas the hybrid integration takes place
during the chip is being packaged.
The large lattice mismatch makes growing or integrating III-V materials directly on silicon
substrate challenging. The team of John Bowers successfully demonstrated a way for integrating quantum dots lasers on the silicon substate [13, 40]. The benefits of a low-cost silicon
substrate and high-performance III-V materials are combined in this technology because the
quantum dot laser is generally insensitive to dislocations in the active region. According to
certain researches, heterogeneous integrated PIC performs better than those that exclusively
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employ III-V materials [33, 34, 97]. Moreover, by adopting indium phosphide as the material
for all photonic building pieces, such as waveguides, modulators, laser sources, and detectors [84]. Some materials, such as indium phosphide photonic integrated circuit, can overcome
these drawbacks. Unfortunately, there is a cost, heat dissipation, fabrication/design ease, and
performance trade-off with these approaches. As a result, a systems that efficiently merge
silicon-based components and III-V active parts will be appealing and groundbreaking.
On the other hand, many research groups are attempting to implement many functions on a
single monolithic PIC chip, or so-called flexible PIC [42, 110], rather than merging numerous
PIC into one chip. By collaborating with active electrical circuits, flexible PIC is one of the
most appealing techniques. To modify the propagation routes of the light waves [22], ring
resonators [42] or directional couplers [61] are implanted in the PIC. As a result, switch the
signals to various function blocks on the semiconductor. However, these approaches come at
the expense of operational bandwidth, calculation error, power consumption, and fabrication
simplicity.
Hybrid integration is gaining more and more attention from academics. As we previously
noted, hybrid integration often takes place after the PIC chip is produced and either during or
before packaging. The hybrid integration has the advantage of being generically implementable
in numerous related PIC components. While maintaining a low coupling loss, it provides the
interconnects between various high-performance PIC devices. Numerous studies demonstrate
that hybrid integration performs as well as or better than heterogeneous integration [28, 97].
Because these techniques are universally applicable, the cost of hybrid integration processes is
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often significantly cheaper than that of heterogeneous integration.

1.3 Motivation of This Work
The compatibility with other photonics components is rarely explored in state-of-the-art studies
as researchers strive for the optimum performance in individual photonics components. This
makes it difficult to integrate different photonics systems. The fragmentation of PIC design is
due to different process requirements and fabrication techniques in different areas. Edge couplers, silicon nitride waveguides, and LiNb modulators, for example, have all seen significant
improvements in performance. However, there has been minimal research on the transition
between the components.
Transitions from an external signal source to a photonics chip, and then to the photonics
system’s output, will invariably meet several coupling losses during the stages of an optical
fiber to a waveguide on-chip, a waveguide splitter, a signal modulator, and others. Some of the
optimizations are similar and compatible with one another, while others are not. For example,
the coupler from a fiber to the on-chip waveguide prefers a thin and narrow waveguide thickness, yet at the interface of bonding chips, a thick and wide waveguide is preferred to minimize
excessive scattering. To overcome these challenges and conflicts, a comprehensive solution for
system-level efficiency optimization must be investigated.
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1.4 Document Outline
This research makes use of a number of photonic components as well as optimization methodologies. The first chapter of this document will go through the essential building pieces of PIC
and the optimization strategies that go with them. We’ll go through the fundamentals of silicon
nitride waveguides. The purpose of this chapter is to explain why silicon nitride was chosen
as the waveguide material in several studies. We look at two types of mode converters: the
adiabatic mode converter, which can efficiently convert the mode size of light in a waveguide,
and the method for creating a multimode interferometer, which is employed in later designs.
The plasmonic fiber coupler is discussed in Chapter 2. Plasmonic couplers offer high coupling efficiency while maintaining an incredibly small size. The advantages and disadvantages
of the plasmonic fiber coupler are discussed in this chapter. The impact of manufacturing flaws
on the plasmonic coupler performance seen in the structure will be examined.
Chapter 3 will examine the fiber-to-chip edge coupler. Fusion fiber splicing and modematching methods are used in this kind of coupler. Our method in this work demonstrated an
exceptionally high transmission for fiber-to-chip coupling. Additionally, this chapter included
misalignment analysis, numerous fiber combinations, and reduced polarization dependent loss.
Chapter 4 covers the design of a bi-layer grating coupler for light power coupling to a
detector. The objective of this design is to minimize the transition lossfrom waveguide mode to
grating coupler output. We used particle swarm optimization during the design process. This
chapter will cover observations of the characteristics of a bi-layer grating coupler.
Chapter 5 discussed The lithium niobate modulator operating at visible wavelength, along
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with an optimization technique for resolving conflicts between fiber coupling and LiNb edge
scattering. The Mach-Zehnder interferometer, optimizing mode confinement in the modulator,
and the mode escalator that we employed in this design are all covered in this chapter.
The final chapter highlights the major contributions towards PIC hybrid integration of this
work and makes recommendations for further research.

Chapter 2
Photonic Integrated Circuits
2.1 Silicon Nitride Waveguides

Figure 2.1: Schematic view of a silicon nitride waveguide.

The outstanding intrinsic characteristic of SiN waveguide are attracting the attention of
more and more researchers. Figure 2.1 shows a typical SiN waveguide structure. For the Si
substrate to be insulated, the waveguide requires at least 2 µm of thermal oxide. Additional
11
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oxide cladding is preferable once the SiN is patterned and etched to reduce propagation loss. In
this chapter, the main features of SiN will be examined, as well as why it is preferred over Si
waveguide in this work.

2.1.1

Background

As we discussed in the last chapter, there are several reasons to use Si as a waveguide material: (1) mature fabrication infrastructure and technologies allow for low-cost, high-quality processes; (2) high refractive index (n ≅ 3.5 at 1550 nm wavelength) allows for compact photonic
device design; (3) well-developed doping methods have multiple benefits in electric-related
design, such as PN junction heater [9] or transmitter [101].
However, Si has a number of disadvantages: (1) It is opaque at visible wavelengths; (2) In
a high-power scenario, it exhibits a strong two-photon absorption effect; (3) Its high refractive
index makes mode matching with optical fibers difficult. Silicon nitride, on the other hand,
was chosen as the waveguide material because it offers the following advantages over silicon:
(1) lower propagation loss due to moderate refractive index contrast compared to silicon oxide
cladding; (2) transparent in the visible wavelength range (450-700 nm) [86]; (3) excellent mode
matching capability with optical fibers; and (4) higher power handling capabilities [50, 55, 92].
A silicon nitride waveguide, for example, has a lower propagation loss than a silicon waveguide due to its intermediate refractive index. A silicon waveguide’s propagation loss is typically
between 1-2 dB/cm, owing to production flaws in the sidewalls and the contact between silicon
and silicon dioxide materials. In comparison, the propagation loss of silicon nitride waveguide
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can be as low as 0.03 dB/cm by using LPCVD [92].
The most prevalent methods for producing silicon nitride are low-pressure chemical vapor
deposition (LPCVD) at a high temperature (about 700 °C) or plasma-enhanced chemical vapor
deposition (PECVD) at a lower temperature (usually below 400°C). Depending of the deposition conditions, both techniques can produce silicon-rich or nitride-rich films. The refractive
index of nitride films varies from 1.9 to 2.2 at 1550 nm wavelength, depending on the exact
composition of the nitride film [26, 47].

2.1.2

Waveguide Losses

Modifying the propagation direction of light in photonics devices, unlike electric circuits, is
one of the most difficult challenges. Due to the fact that electromagnetic fields tend to travel
in a straight line, any waveguide bending will invariably result in increased loss due to mode
disruption. The approximated loss of a 90-degreee bend can be represented as follows [94]:
α = K · exp(−cR)

(2.1a)

c = β (2∆ne f f /ne f f )3/2

(2.1b)

where K is a coefficient whose value is determined by the refractive index of the core and
cladding materials. The radius of the bending is denoted by R. The refractive index difference
between the core and cladding materials is ∆ne f f . We can easily see from Equation 2.1 that
increasing the radius of the bends is the most viable strategy to reduce bending loss. The second
approach is to reduce the refractive index difference between the core and cladding materials.
One of the reasons SiN waveguides have a lower propagation loss is because of this.
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Simulations

The eigensolution for a photonic waveguide can be solved using commercially available tools.
The wave function in a one-dimensional (1D) simulation using MATLAB is shown in Figure
2.2, the detail of the 1D simulation function script are derived from [15]. The darkened region’s
substance is silicon nitride with a refractive index of 2.26. The cladding material is silica which
has refractive index of 1.44. The SiN area has a width of 0.23 µm. The fundamental TE mode
in this 1D slab waveguide is represented by the blue curve in Figure 2.2.

Figure 2.2: The eigensolution of one-dimensional slab waveguide by using the MATLAB mathematical tool. Simulated at a wavelength of 1550 nm.

This dissertation simulates the corresponding structures for a more complicated model using Lumerical (Ansys) FDTD and MODE. Lumerical FDTD uses finite-difference time-domain
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method to simulate the propagation of light waves in waveguides or the coupling of grating
couplers and optical fibers. For computing the spatial solution of a time-independent structure, Lumerical MODE uses the finite element method. For instance, the mode overlapping
calculations of two fibers, or the light mode of a waveguide cross-section.
We use the Lumerical MODE eigenmode solver to simulate a two-dimensional (2D) scenario. The first three TE modes in the waveguide are depicted in Figure 2.3.

(a)

(b)

(c)

Figure 2.3: First three modes profile of a wide silicon nitride waveguide with 0.3 µm thickness
and 2 µm width. Simulated at a wavelength of 1550 nm. (a) Fundamental TE0 mode. (b) TE1
mode. (c) TE2 mode

A waveguide with a width less than λ /2 will usually be unable to support the fundamental
light mode. As a result, if we design a waveguide with a width slightly less than λ /2, the
light mode will leak out and generate an evanescent field in the surrounding cladding material.
Due to the mode field’s radiation outside of the waveguide, the waveguide will suffer a high
propagation loss. Because of the refractive index difference between silicon nitride (nSiN = 2.2)
and silica (nSilica = 1.44), the silicon nitride waveguide will contain the majority of the mode
field.
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As presented in Figure 2.3, for a waveguide with width significantly wider than λ /2, it will
support multiple modes. Higher order modes, on the other hand, leak a bigger portion of the
mode field.

Figure 2.4: In a bending SiN waveguide with a radius of 30 µm, the electric field distribution is
shown. The electric field is presented in log scale for improved visibility.

Figure 2.4 presents log-scale light propagation in a bending waveguide. The waveguide
material is made of SiN and the cladding is silica. The waveguide width, thickness, and bending
radius are 1.2 µm, 0.23 µm, and 30 µm, respectively. The electric field diffusing in the external
cladding material can be easily located. The loss of bends in PIC is influenced by a number of
parameters in practical devices, for example, the waveguide and cladding material, fabrication
flaws, sidewall angle, bending radius, pathing mechanism, and others [6].
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2.2 Adiabatic Mode Converters
The mode field size of optical fiber is typically much larger than the modest mode size of onchip waveguides due to the refractive index mismatch. The mode profile of a single mode fiber
is roughly 12 µm, while the mode size of a typical silicon nitride waveguide is about 2 µm, as
we’ll see in Chapter 4. To modify the mode size of light in the waveguide, we’ll require a mode
converter.
The inversely tapered waveguide is a simple mode converter that solves the mode size conversion problem without sacrificing the compactness of the system. The inversely tapered
waveguides are commonly referred to as adiabatic mode converters. The word adiabatic describes how eigenmodes can evolve without exchanging energy if the external disturbance of a
system changes slowly enough [25]. This means that if the transverse dimension of the waveguide changes slowly enough, the waveguide’s eigenmode can evolve adiabatically during the
transition without triggering higher-order modes to be excited. Most edge couplers use adiabatic mode converters to convert the waveguide’s mode size.

2.2.1

Simulation

The length of tapering has a considerable impact on mode switching efficiency. The inversely
tapered waveguide may often achieve above 80% conversion efficiency with relatively low manufacturing requirements for a 20 µm tapering length.
According to simulations and earlier studies [17, 23], the adiabatic mode converter may
achieve above 95 percent transmission if the taper length is raised to more than 100 µm. For
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taper lengths higher than 200 µm, conversion efficiency can reach 98 percent. The beginning
and ending widths of the taper have an impact on overall efficiency. A bigger width difference
demands a longer tapering length to retain mode conversion efficiency [23].

(a)

(b)

Figure 2.5: Fabricated thin film measurements. Simulated at a wavelength of 1550 nm. (a) Transmission against taper length eigenmode expansion simulation; (b) The transmission at the end of a
100 µm adiabatic inverse taper. The XY-plane of the electric field intensity is shown in the inset.

We employed the Lumerical MODE Solution to compute an Eigenmode Expansion (EME)
computation to investigate the relationship between taper length and conversion efficiency. The
EME calculation saves a lot of time by splitting the geometry into numerous different cells. Figure 2.5a shows the results of the simulation. In this simulation, the taper’s initial and finishing
widths are set to 0.38 µm and 1.4 µm, respectively.
Silicon nitride, having a refractive index of 2.21, is used as the waveguide material. The
simulation results reveal that a tapering length of 100 µm may efficiently convert the mode,
while a tapering length of 200 µm can provide a mode conversion effectiveness of above 98%.
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Although increasing the length of the tapering waveguide may improve mode conversion performance, the propagation loss caused by defects during manufacturing must be considered in
practical production.
To verify the results of the EME simulation, we utilized the Lumerical FDTD solver to build
a 100 µm long taper. Figure 2.5b shows the simulated transmission at the end of the tapering.
Figure 2.5a shows a result that is remarkably similar to the EME simulation result. The slight
transmission disparity could be due to the simulation accuracy setting.

2.3 Multimode Interferometer
The second sort of mode converter used in this study is the multimode interferometer (MMI).
The purpose of employing MMI in a PIC is to effectively switch the light mode between fundamental and higher-order modes. It can also function as a wave splitter.
Designing a light wave splitter in the shape of a letter “Y” is instinctive. This Y-splitter
should be able to split light losslessly with a 50:50 ratio in ideal conditions. The sharp corners
of a rustic Y-splitter, on the other hand, are unable to preserve their topology after numerous
fabrication steps due to the low resolution of lithography and other procedures. Therefore,
Y-splitter is usually optimized by changing the topology of boundaries [100, 107].
A directional coupler is a typical Y-splitter replacement. The phase difference between two
arms can be equilibrated by varying the width of each arm of the directional coupler to adjust for
the effective refractive index change. Despite the fact that the directional mode converter can
achieve high conversion efficiency in a compact size, fabrication errors may result in unwanted
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mode conversion. As a result, high-efficiency and wide-bandwidth directional couplers are
routinely built using E-beam lithography infrastructure and complex design patterns [43].
Other approaches have been shown to have high conversion efficiency, such as metalinsulator-metal and slot mode converters [109]. These methods, on the other hand, either necessitate the inclusion of a second metal layer or include tiny, difficult-to-fabricate features. These
steps increase the amount of work and risk in following fabrication processes, making them
unsuitable for high-volume production.
The multimode interferometer is another alternative to the Y-splitter. MMIs are commonly
employed in boson sampling [16], quantum computing [62], neural networks [76], and other
fields [57,105]. MMI design is usually time-consuming and computing resource-intensive when
using particle swarm optimization methods. Unlike the usual design approach, we design the
MMI using a relatively simple procedure that involves evaluating the electric field distribution
of a generic MMI with arbitrary size.

2.3.1

Simulation

The designed one-by-two (1x2) MMI consists of one input port and two output ports. For
converting light modes, all ports have an inverted taper. The rectangular block in the center is
responsible for exciting multimode after light reaches the region.
We selected the spacing between two departing waveguides at about 400 nanometers to accommodate our design and available tools. We altered the waveguide material’s characteristics
to silicon nitride and set the refractive index to 2.26. The input and output tapers are both set to
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Figure 2.6: The screenshot of the simulation setup optimization of a MMI.

20 µm in length.

(a)

(b)

Figure 2.7: Simulation result of a unoptimized MMI designed to operate at 780 nm wavelength.
Simulated at 780 nm wavelength. (a) E-field distribution of the MMI. Notice the multi-mode
excited in the center block; (b) Transmission at one of the output port.

We start by building an MMI with an arbitrary-sized center block. Consider a central block
with dimensions of 5 µm in width and 20 µm in length. The electric field distribution and
transmission are depicted in Figure 2.7. Figure 2.7a shows how light enters the input waveguide
from the left and exits to the right.
The light mode is enlarged after passing through the mode converter. After the light wave
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enters the middle block, multimode is excited due to an abrupt refractive index discontinuity.
The light will be routed out of the middle block via the output waveguides at the end. As shown
in Figure 2.7a, the mode at the center block is supermode, which means the single mode and
multimode are overlapping and alternating. As shown in Figure 2.8a, we can carefully set an
MMI length such that the multimode is formed right at the output port after a specific distance
of propagation.
Aside from the transmission of less than our projected value, as seen in Figure 2.7b, the peak
transmission does not occur at the designated wavelength. This can be fine-tuned by adjusting
the width of the middle block.
After a few tests, the length and width may be calculated. In our case, the width and length
of the center block are 3.7 and 15.6 µm, respectively. The simulation result of an optimized
MMI is depicted in Figure 2.8b.
In Figure 2.8a, the electric field intensity distribution in the output ports is uniform, and
only single mode waves exist. The transmission of a single output port is 49.5 percent (-3.05
dB) centered at 780 nm wavelength, according to the transmission plot in Figure 2.8b. This
suggests that the MMI design only causes a 0.05 dB more loss.
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(b)

Figure 2.8: Simulation results after the MMI is optimized. Simulated at 780 nm wavelength. (a)
E-field distribution of the MMI. The light mode at the output ports is close to the single-mode; (b)
Transmission at the output port centered at the target wavelength.

Chapter 3
Plasmonic Coupler

Figure 3.1: The schematic view of plasmonic coupler.

In addition to the grating and edge couplers, we investigated the idea of using a plasmonic
out-of-plane coupler as the fiber-to-chip coupler. The surface plasmon polaritons effect is used
by the plasmonic coupler in a Metal-Dielectric-Metal (MDM) arrangement. The plasmonic
coupler is depicted schematically in Figure 3.1.
24
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3.1 Fundamental of Surface Plasmon
In conductive medium, the curl of the magnetic field in Maxwell’s equations needs to be modified to [75]:
& × H = jωD + J

(3.1a)

D = εE

(3.1b)

J = σ E = jω + σ

(3.1c)

εe = ε +

σ
jω

(3.1d)

where ε represents electric permittivity and εe represents the effective permittivity; µ is the
magnetic permeability; σ is the conductivity; D, again, represents the electric flux density. The
complex electric permittivity εc can be expressed as [60]:
εc ≡ ε1 + jε2 ≡ n2c ≡ (n + jk)2

(3.2)

Silver has the following properties at 1550 nm [60]: −ε1 = 1.28E+04, ε2 = 2.99E+03, nc =
1.31E+01, k = 1.14E+02. The Drude model for frequency-dependent conductivity is [75]:
σ=

σ0
1 + jωτ

(3.3)

where τ is the relaxation time. ε0 is permittivity of vacuum. Substitute Equation 3.3 to Equation
3.1d, the effective permittivity can be written as:
!
εe = ε0

ωp =

#

ω p2
1− 2
ω

σ0 /ε0 τ

"

(3.4a)
(3.4b)
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The plasma frequency is represented by ω p . Figure 3.2 shows the relationship between
plasma frequency and relative permittivity, propagation constant, refractive index, and attenuation coefficient.

Figure 3.2: The plasma frequency under different conditions [75].

At lower frequency, ω < ω p , permittivity is imaginary and impedance becomes imaginary.
√
When the propagation wavevector k = ω εe µ0 is imaginary the attenuation is significant. The
light will attenuate rather than propagate in this situation. In this case, the frequency region is
named as the prohibited band.
At higer frequency ω > ω p , permittivity is greater than zero. The medium act like a lossy
dielectric. The attenuation is slightly larger than zero and the propagation constant is bigger
than zero. This freuqneyc reigon is called the plasmonic band.
When frequency ω = ω p , the propagation constant is 0. Although the wave does not travel,
the density of electric current oscillates as free electrons. These oscillating quantum particles
are referred to as plasmons.
As shown in Figure 3.3a, we develop a coupler structure with silver and SiN as the major
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materials to form an MDM structure. The interface between these two materials introduces
surface plasmonic dispersion when a light wave enters this structure. For frequencies close to
the surface plasmon frequency, the electric field is severely constrained, and the surface wave is
localized. As a result, using this effect to propagate light in a sub-wavelength slit waveguide is
possible [64]. Many studies on the origins of surface plasmonic polaritons have been published
in recent decades [10, 11, 77].

3.2 Simulations
The purpose of this project is to couple light from an out-of-plane lensed fiber to a silicon nitride
waveguide on the device. A lensed fiber will provide a small incident light beam vertically
above the plasmonic coupler, as seen in Figure 3.3a. To efficiently couple light from the fiber
to the silicon nitride waveguide, we divided the coupler’s functionality into three parts:

(a)

(b)

Figure 3.3: The coupling of light from a vertical fiber to a horizontal silicon nitride waveguide. (a)
The structure schematic of a plasmonic coupler. (b) The FDTD simulation of the corresponding
model.
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The structure is a silver-air-silver configuration in the first stage, which is a conventional
MDM structure, as shown in Figure 3.3a. Air has a positive dielectric constant, while silver
has a negative dielectric constant. Incident light waves at the air-silver interface generate surface plasmonic dispersion. In the second stage, the structure transforms to a silver-air-nitride
arrangement. This asymmetrical configuration will break the field symmetry in the transverse
direction. The refractive index discontinuity at this corner will activate the transverse electric
multi-mode.
At the corner, the new TE mode will be quickly confined into the material with a higher
refractive index, in this case silicon nitride. To avoid scattering, the silver and silicon nitride
discontinuities must occur at the same time during this stage. In other words, the silver cladding
must be the same height as the silicon nitride waveguide. The transverse silicon nitride waveguide is encircled by silver material in the third stage. At this point, the symmetrical characteristic is crucial. Otherwise, the field will be warped into non-symmetrical modes, resulting
in high-order modes being introduced. Electric field distortion will be introduced by the nonsymmetrical silver cladding on the silicon nitride waveguide. The new TE mode will be immediately confined into a material with a higher refractive index, in this case silicon nitride, as
it approaches the corner. The silver and silicon nitride discontinuities must occur at the same
time during this stage to avoid scattering. The silver cladding must, in other words, be the
same height as the silicon nitride waveguide. In the third stage, the transverse silicon nitride
waveguide is surrounded by silver material. The symmetrical property is critical at this stage.
Otherwise, the field will be distorted into non-symmetrical modes, leading to the introduction
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of high-order modes. As a result, the surface roughness of the structure is crucial. To put it
another way, manufacturing defects during metal evaporation will impair the structure’s overall
performance significantly.
Figure 3.3b shows the simulation result for this structure. The input wave enters the structure
at the top. The wave turns 90 degrees after coupling into the MDM structure and exits to
the right of the structure. The transmission result is presented in Figure 3.4. At 1560 nm
wavelength, simulation results showed a promising coupling efficiency of roughly 70% (-1.55
dB).

Figure 3.4: The transmission of plasmonic coupler versus wavelength in FDTD simulation.
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3.3 Experimental Results
The plasmonic coupler is built on a fused silica wafer to take use of the silicon oxide layer. An
i-line stepper is used to pattern the lithography. The trenches are filled with silver after the first
layer silica etch is completed. The silver layers are coated by electrical beam evaporation. After
that, a silicon nitride film was deposited using plasma-enhanced chemical vapor deposition
(PECVD). A reative-ion etcher is then used to dry etch the waveguide pattern.

(a)

(b)

Figure 3.5: The initial layer of silver pattern as seen via a microscope. (a) Preparing an etched
silica trench for silver evaporation. (b) After evaporation of the silver and lift-off.

Etching the trench and patterning the initial silver layer are the first steps. The GCA Autostep 200 DSW i-line Wafer Stepper was used for photolithography. The etch depth of the
trench is roughly 300 nanometers. The next step is to fill the trench by evaporating the silver
thickness on the wafer that corresponds to the depth of the trench. We start by evaporating
roughly 120-angstrom titanium as an adhesive layer. The wafer is then evaporated with silver
at 300 nanometers. After evaporation, the final wafer will be soaked in acetone overnight for
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lift-off. A heated ultrasonic bath will be used to remove the silver layer in the non-patterned
area.
The microscope photographs of the finished first-layer silver designs are shown in Figure
3.5. The second step involves depositing silicon nitride at a thickness of 900 nanometers using
an Oxford 100 PECVD machine. After the waveguide is printed, the surplus silicon nitride is
etched using an Oxford PlasmaLab 80+ RIE System. The second and third layers of silver, with
thicknesses of 900 nm and 1000 nm, are evaporated in the third and fourth steps, respectively.

(a)

(b)

Figure 3.6: The comparison of the designed model and fabricated sample. (a) The rendered
schematic view of the designed model. (b) Actual fabricated sample.

The fabrication results, on the other hand, demonstrate that some features were not resolved
correctly during lithography. The lift-off method requires a thicker photoresist due to the thick
1000 nm silver evaporation. We utilized a 2 µm thick photoresist for patterning. For such a
thick photoresist, however, the precision of the deep UV stepper is no longer accurate. The
waveguides’ sharp corners are rounded, and the silver patterns’ edges are rough. As seen in
Figure 3.7b, some silicon nitride waveguides are covered by silver in many devices.
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(b)

Figure 3.7: The fabricated samples have great variance. (a) SEM image of plasmonic couplers
with properly resolved features. (b) Sample with poorly resolved features.

(a)

(b)

Figure 3.8: The setup for measuring the transmission of the plasmonic coupler. (a) Schematic view
of the experimental equipment. (b) Actual photo of the test setup.

To take advantage of the microscope inspection, we turned the chip and positioned the
lensed fiber underneath it for practical characterization. A tunable laser source linked to the
lensed fiber provides the input signal. The gadget specimen is leveled using a clamp on a 6-axis
piezo-electric stage. Using a microscope with an infrared camera on top, the incident light spot
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at the center of the plasmonic coupler is seen aligned. The light will be guided by a silicon
nitride waveguide and will emerge through an edge coupler at the chip’s polished edge. A
collimator lens collects the light that travels out of the waveguide, as shown in Figure 3.8.

Figure 3.9: The measured transmission of plasmonic coupler versus wavelength.

The measured spectrum response is plotted in Figure 3.9. There is a peak transmission of
roughly 23% at 1560 nanometers (-6.38 dB). The actual performance is decreased when compared to the simulation result shown in Figure3.4. The discrepancy is attributed to scattering
during surface plasmon activation caused by fabrication defects such as silver surface dislocations, extra edge coupler loss, and other flaws.

3.4 Conclusion
The method of using a plasmonic fiber-to-chip coupler to couple light from an out-of-plane fiber
was investigated in this study. Despite the fact that a plasmonic coupler simulation provided a
good outcome, the actual fabrication task is difficult. The silicon nitride deposited by PECVD,
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for example, causes tension on the wafer and so obstructs processing homogeneity. During the
deposition of the initial silver layer, the height of deposited silver is critical to ensure that the
wafer’s surface is flat. Furthermore, wave propagation will suffer extra scattering loss due to
surface dislocations and imperfections generated by silver evaporation.
Surface plasmon devices have a lot of potential in sub-wavelength photonic devices. It combines the ultra-high operational frequency of photonic devices with the small device footprint
of conventional electric circuits. The manufacture of the plasmonic device, however, is difficult
because to the extremely low fabrication error tolerance. E-Beam lithography is an option for
design [108], but it is not appropriate for high-volume manufacturing. Furthermore, the metal
used in plasmonic devices makes it very difficult for several CMOS fabrication infrastructures
to enable their fabrication procedures. The manufacture of plasmonic devices becomes more
complicated as a result of this. Finally, we think that once the fabrication procedures are improved, the plasmonic device has enormous potential in PIC.

Chapter 4
UHNA Fiber Assisted Edge Coupler

Figure 4.1: Schematic view of an inversely tapered edge coupler .

After decades of development since the 1960s, commercialized optical fiber has become
one of the most important applications of fiber optics. Optical fiber communication is quickly
being developed due to the high need for high-speed telecommunications [80]. Academics, on
the other hand, have long been captivated by the transition of light signals from fiber to chip
35
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waveguides.
As illustrated in Figure 4.1, due to the dimensional difference between single-mode fiber
core and silicon nitride waveguide, the mode profiles size in fiber and waveguide have a noticeable variation. The fundamental source of coupling loss is the huge mode profile mismatch
between fibers and chips. This chapter discusses the need for a fiber-to-chip coupler, followed
by simulations and practical results.

4.1 Background
For decades, academics have been baffled by high-efficiency fiber to chip coupling [36]. There
have been numerous efforts to increase the coupling efficiency between optical fibers and onchip waveguides. To address this issue, two key ways are presented: (1) using out-of-plane
couplers such as grating coupler [93] and micro-mirrors [71]; and (2) using in-plane couplers
such as edge coupler [3]. Under specific situations, both approaches have been shown to have
a low loss coupling (< 2dB).
The coupling efficiency of an edge coupler can easily surpass 90%. (-0.46 dB). Figure 4.1
shows a schematic of edge coupling from fiber to waveguide on a chip. There are several ways
to design a high efficiency edge coupler: (1) use a small mode profile diameter fiber to match
the tiny mode of the on-chip waveguide [2]; (2) expand the large mode field diameter of the
waveguide to match the giant mode of the fiber [56]; or (3) a combination of both. To preserve
a reduced fiber mode size, the first technique commonly employs tapered fiber [99] or lensed
fiber [3].
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However, both tapered and lensed fiber are pricey and fragile during the experiment. During
operations, the sophisticated tip of the lensed fiber might be easily destroyed. Implementing
inversely tapered waveguide [51] is usually the second solution. The inverse tapered waveguide
has a modest physical dimension that allows it to increase the waveguide’s mode profile. The
third alternative, which is the most popular, is to combine the methods above. When combined
with an adiabatic mode converter, this combination can easily outperform grating couplers in
terms of transmission.

(a)

(b)

(c)

Figure 4.2: Fundamental transverse electric mode profiles simulation in different photonic components. Simulated at 1550 nm wavelength. (a) Corning SMF-28 fiber. (b) Nufern UHNA7 fiber. (c)
Silicon nitride waveguide with 1 µm in width, 0.15 µm in height.

Optical fibers come in a variety of shapes and sizes, and they can be used for a variety of
applications and purposes. One of the most critical variables in improving transmission in fiberto-chip communication is mode size matching. The mode field diameter (MFD) of a frequently
used single-mode fiber SMF-28 is about 10.4 µm, while the MFD of the Nufern Ultra-high
Numerical Aperture (UHNA) fiber is about 3.2 µm. In comparison, the mode size of a silicon
nitride waveguide is just about 1 µm.
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Table 4.1: Comparison table for different fibers. n is the refractive index of the material at 1550
nm wavelength. Dcore and Dclad are the diameters of core and cladding, respectively. NA is the
numerical aperture.
DCore

DClad

MFD

(µm)]

(µm)

(µm)

NA

Fiber Type

nCore

nClad

SMF-28

1.45

1.44

8.2

125 ±0.7 10.4 ±0.5

0.14

UHNA1

1.48

1.45

2.5

125 ±1.0

4.8 ±0.3

0.28

UHNA3

1.49

1.45

1.8

125 ±1.0

4.1 ±0.3

0.35

UHNA4

1.49

1.45

2.2

125 ±1.0

4.0 ±0.3

0.35

UHNA7

1.49

1.43

2.4

125 ±1.0

3.2 ±0.3

0.41

In Table 4.1, the detail parameters of SMF-28 and NUFERN UHNA fibers are provided.
The MFDs of high numerical aperture fibers are much smaller than those of typical singlemode fibers, as seen in the table. The MFD difference between UHNA fiber and silicon nitride waveguide is substantially smaller than the difference between SMF-28 and waveguide,
as demonstrated in Figure 4.2.
These mode profile variances are caused by refractive index and dimensional differences
between them. To better demonstrate these disparities, the mode profiles of these fibers and
waveguide are plotted in Figure 4.2. The huge mode mismatching will cause significant loss at
the fiber-to-chip interface. A numerical way to calculating the mode discrepancy is the mode
overlapping coefficient. Two arbitrary modes’ overlapping coefficient η can be represented as
follows [85]:
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(4.1)

where E1 and E2 are two electric fields that will be investigated in two separate arbitrary mode
profiles. This equation determines the amount of power that can be transferred from one mode
to another. The higher the value of η, the better the coupling efficiency between two modes.
In this operation, our fabrication infrastructure has limited precision capabilities (400 nm
feature size). Due to the sensitivity of grating couplers to pitch and duty cycle (i.e. the actual
produced grating dimension), high-precision lithography is the only technique to achieve the
best results. As a result, we’ll be able to use edge couplers in our design. The mode field diameter can be considerably reduced by splicing a single-mode fiber to a high numerical aperture
optical fiber. As a result, when used in conjunction with the inversely tapered edge coupler,
the mode size difference is bearable. This method necessitates an extra splicing step, but it
vastly improves coupling efficiency without the need of expensive lensed fiber or a fabrication
precision-demanding grating coupler.

4.2 Simulations
4.2.1

Fiber Splicing

Transitioning between modes across distinct fibers is difficult due to differences in physical
dimensions and materials. To further understand the mode transition of fibers, we did a finite
difference time domain (FDTD) simulation, as shown in Figure 4.3.
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(b)

Figure 4.3: The propagation of light waves from an SMF-28 fiber to a UHNA 7 fiber without
splicing. Simulated at 1550 nm wavelength. (a) The light wave’s electric field distribution. The
incident light is on the SMF-28 fiber’s left side. The UHNA 7 fiber is joined to the SMF-28 fiber
directly. The contours of comparable fibers are represented by the black outlines. (b) Transmission
from the UHNA 7 fiber’s end.

As illustrated in Figure 4.3b, only half of the mode power at 1550 nm wavelength is transferred to the UHNA 7 fiber. This result is supported by the scattering electric field presented
in Figure 4.3a. The mode transmission from SMF-28 fiber to UHNA 7 is weak when the fiber
facet is directly pointed together, as seen in this simulation.
A tapered fiber core piece can be inserted between the fibers to overcome this problem.
This tapered zone can vary the mode size gradually and efficiently convert the light mode. For
comparison, we added a 200-µm long tapered region to the joint. The simulation result is
shown in Figure 4.4.
After the transition region is added, the transmission increases substantially. The total mode
transmission rate is approximately 98%. We may improve this transmission even more by
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(b)

Figure 4.4: The improved transition from a SMF-28 fiber to a UHNA 7 fiber by adding a tapered
region between two fibers. Simulated at 1550 nm wavelength. (a) The electric field distribution of
light wave. The black outlines are the contours of corresponding fibers. (b) Transmission at the
end of UHNA 7 fiber.

expanding the tapering region, as we discussed in the previous Chapter. Fusion splicing is
capable of producing precise fiber core tapering. During splicing, thermal expansion causes
the fiber core near the interface of two fibers to taper. This method efficiently constructs an
adiabatic mode converter between two fibers. The mode transition from SMF-28 fiber to UHNA
7 fiber is aided by this effect, resulting in a more efficient mode size decrease. Furthermore,
the reduced light mode simplifies the on-chip connection between fiber and waveguide. The
result of the splicing and the intricacies of the fiber tapering phenomenon will be detailed in
later section.
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Edge Coupler

The modes of silicon nitride and fiber are very different, as we saw in the previous section. We
used the Lumerical MODE solution [85] to run a mode overlapping study to better understand
the mode transition efficiency.

(a)

(b)

Figure 4.5: Light coupling from a fiber to a silicon nitride waveguide. The width and height of
the waveguide are swept to find the optimum result. The color bar represents the transmission.
Simulated at 1550 nm wavelength. (a) From a UHNA7 fiber to a silicon nitride waveguide. (b)
From an SMF-28 fiber to a silicon nitride waveguide.

We defined a UHNA7 fiber mode in this simulation, then swept the transverse width and
height of a silicon nitride waveguide. Figure 4.5a shows the coupling transmission from the
UHNA7 fiber to an arbitrary size silicon nitride waveguide. Figure 4.5b SMF28 shows a similar simulation for SMF-28 fiber. The outcome of the UHNA7 coupling simulation shows that
for a thin waveguide (thickness less than 0.2 µm), the corresponding mode in the vertical di-
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rection is large, therefore the impact of varying width is minimal. This conclusion holds true
for waveguides with small widths as well. In comparison, the maximum waveguide dimension
allowed for coupling SMF-28 fiber is substantially smaller.

Figure 4.6: The spectral response of coupling between UHNA7 fiber to a silicon nitride waveguide
with fixed thickness and variating width. The color bar indicates the coupling transmission from
the fiber to the waveguide.

Lumerical FDTD simulation software was employed to verify the sweep result. Figure 4.6
depicts the Lumerical FDTD simulation. The silicon nitride thickness in this simulation is
125 nm. When the waveguide width is roughly 0.5 µm, the coupling efficiency from fiber to
waveguide reaches its maximum. The width change has a relatively minimal impact on the
coupling efficiency in the region of 0.3 µm to 0.8 µm because the silicon nitride waveguide
thickness is very thin. The same result was obtained using the sweeping simulation illustrated
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in Figure 4.5a.
These simulations show that a waveguide with a reduced transverse dimension can broaden
the mode profile, resulting in greater coupling efficiency to large modes from fibers. The needed
waveguide size for coupling will be very tiny if the fiber mode is too large, according to Figure 4.5b. This requirement may be beyond the lithography and etching processes’ fabrication
capabilities.

Figure 4.7: Top: Electric field intensity distribution for fiber to tapered waveguide coupling. Bottom insets are the cross-section electric field mode profiles at different locations, from left to right:
wave profile at the waveguide location x = 1 µm, 35 µm, 65 µm and 98 µm. The black outline is
the contour of the inversely tapered waveguide. Simulated at 1550 nm wavelength.

It was also possible to model light transmission from a fiber to an inversely tapered waveg-
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uide. Figure 4.7 shows the top view of electric field intensity of the corresponding edge coupler.
The tip of the waveguide begins at x = 0µm. The waveguide has a thickness of 125 nm and a
total tapering length of 100 µm. The tapering waveguide’s beginning and finishing widths are
0.5 µm and 1.2 µm, respectively. As demonstrated in Figure 4.8, the transmission for the fiber
to the end of the tapering is around 88 percent in this simulation.

Figure 4.8: The transmission from UHNA7 fiber to the end of the taper waveguide. At 1550 nm
wavelength, the transmission is about 88%. The transmission from fiber to the beginning of the
inverse tapered waveguide is drawn in the black curve. The transmission from fiber to the ending
of the inverse tapered waveguide is drawn in the red curve.

The transmission from fiber to waveguide tip (x = 1 µm) is roughly 88%, as previously
stated. This value is extremely close to Figure Figure 4.6, which shows a fiber-waveguide
mode overlapping simulation. The performance of the mode converter is also presented in
Figure 4.8. The transmission only drops one percentage (at 1550 nm wavelength) over a 100-
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µm propagation in the inversely tapered waveguide.
Based on the results of the simulations presented above, we can conclude that combining
UHNA fibers with an inversely tapered mode converter is a promising way for coupling light
from a fiber to a waveguide. The practical result of the fiber-to-chip coupling studies will be
demonstrated in the following section.

4.3 Experimental Results
4.3.1

Fiber Splicing

Our method’s edge coupler is designed to function with UHNA fibers. As a result, highefficiency coupling from the fiber to the waveguide on-chip necessitates excellent fiber splicing. Two types of splicing methods available for fibers: mechanical splicing and thermal fusion
splicing.
A plastic sleeve is utilized in the initial procedure of mechanical splicing to mechanically
secure the split fiber pair. The tips of the fibers are drawn in snugly to prevent reflection and
dispersion at the facet. However, an air gap will always exist between them, and mode mismatching between various fibers will result in further losses.
On the other hand, the latter method is a more advanced procedure with substantially less
insertion loss. During fusion splicing, the fiber tips are heated to soften the surface and pressed
in to close any gaps between them. In this experiment, the Vytran FFS2000WS is employed
for fiber splicing. The fibers are heated by fusing them together with tungsten filament in the
splicer.
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Table 4.2: SMF-28 to UHNA4 splicing recipe development. The input power is measured as
0.74 Watt for all trials. The measured values are calculated through two spliced joints (i.e., SMFUHNA-SMF).
Duration

Power

Polish Power

Output Power

Transmission

Insertion Loss

[s]

[W]

[W]

[mW]

[%]

[dB]

1

20

21

21

0.56

76

1.19

2

15

21

21

0.71

97

0.13

3

10

21

21

0.71

96

0.18

4

5

21

21

0.59

80

0.97

5

15

24

21

0.43

58

2.37

6

15

19

21

0.54

74

1.31

7

15

22

21

0.59

80

0.97

8

15

20

21

0.69

93

0.32

9

16

21

21

0.72

97

0.13

10

17

21

21

0.71

95

0.22

11

16

21

22

0.73

99

0.04

Trial

The fiber tips are stripped, cleaned, cleaved, and aligned to prepare a fiber splicing. By
comparing the core and cladding contours, two fiber holders in the splicer will automatically
align the fibers. The fiber holders will push the melted fibers in and fuse them together once
the tungsten filament provides heat to soften the fiber tips. After that, a polishing process will
be used to smooth and anneal the fiber splicing across the joint center. Finally, an acrylic layer
will be coated around the joint to protect it from harm during handling.
Perfect fiber splicing requires clean cleaving facets, perpendicular cleaving angle, optimal
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splicing recipe, fiber materials, comparable core dimension, and equivalent cladding dimension.
During the development of fiber splice recipes, we discovered that the filament power, duration,
and polish power of the splicer have the greatest influence. We change one of the parameters at
a time to find the best combinations, and we normalize the filament power every two hundred
operational seconds. A recipe development example is shown in Table 4.2.

Figure 4.9: Photo of a spliced SMF-28 to UHNA7 fiber. The yellow arrow indicates the splicing
center. The fiber core expansion is obvious in the middle section.

A spliced SMF-28 to UHNA7 fiber is shown in Figure 4.9. The fiber’s core is smoothly expanded during fusion splicing to accommodate the diameter variation between two fiber types.
The SMF-28 mode profile is adiabatically transited to the UHNA7 mode profile as a result of
this. We attribute this result to the germanium dopants in the UHNA fibers, as this effect was
not found in other fiber splicing combinations [46, 78].
To evaluate the splicing performance, we measured the fiber splicing loss by the following
steps: Firstly, two SMF-28 fibers with the same insertion loss are prepared. One of them will
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be cut in half, and the other will be used as a reference fiber which remains intact. After then,
a small portion (approximately 50 cm) of fiber patch (for example, UHNA-7) will be spliced to
the cleaved SMF-28 fiber. The spliced fiber will become the SMF-UHNA-SMF combination.
This spliced fiber will be used for transmission measurement. Finally, we conduct the fiber-tochip coupling experiments by cleaving the spliced fiber at the center. The schematic diagrams
of these experiments are shown in Figure 4.10. The power ratio between the spliced fiber and
the reference fiber is used to calculate the normalized transmission:

Tsplice =

$

Pspliced
Pre f .

(4.2)

where Tsplice denotes the splice transmission, Pspliced and Pre f . are the power values measured
by using the spliced fiber and reference fiber, respectively.
Figure 4.11a plots the result of fiber splicing insertion loss. As illustrated in Figure 4.11b,
we also performed a repeatability test to confirm that the splicing is dependable and repeatable.
The finding is consistent throughout all ten trials.
In comparison to the simulation findings in Section 4.2.1, the practical result is agree extremely well.

4.3.2

Edge Coupling

The experiments for the fiber-to-chip coupling test are carried out in Analog Photonics. The
input power is measured at the spliced fiber’s connector end. The light will couple out to the
spliced fiber on the other side of the device via the on-chip waveguide. The output power is
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Figure 4.10: Spliced fiber test setup diagram. (Top) Setup for measuring the power output of
reference fiber. (Middle) Setup for measuring the splice loss test. (Bottom) Setup of fiber-to-chip
coupling test.

defined as the power measured at the connection of the second spliced fiber. The transmission
of the entire fiber-chip-fiber system is defined as the ratio of input power to output power. The
Connector-to-Connector (CtoC) loss is used to calculate the total loss. Figure 4.12 loss plots
the Connector-to-Connector loss. When the MFD of the fibers is compared, as shown in Table
4.1, tiny MFD fibers outperform large fibers, as expected.
Table 4.3 summarizes the experimental data of all spliced UHNA fibers. UHNA4 / UHNA7
fibers, in particular, achieve less than 3 dB CtoC loss. The polarization dependency loss is
roughly 1 dB for all fiber splicing combinations. Compared to using SMF-28 fiber directly,
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(b)

Figure 4.11: SMF-28 to UHNA fibers splicing performance and repeatability result: (a) Measured
fiber splicing insertion loss. (b) Fiber splicing repeatability test including ten splices of SMF-28 to
UHNA7 fiber.

(a)

(b)

Figure 4.12: Measured transmission for spliced fiber-chip-fiber coupling result. (a) TE mode
coupling. (2) TM mode couping.

implementing the spliced fiber reduces the insertion loss by more than 2.3 dB.
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Table 4.3: Connector-to-Connector [CtoC] loss measured at 1550nm. Loss is measured as power
transmitted from laser to detector via SMF28 compared to transmission from laser through spliced
fiber, to chip, to spliced fiber onto detector. PDL is the polarization dependance loss.
SMF-28

CtoC TM Mode

CtoC TE Mode

PDL

to *

Loss (dB)

Loss (dB)

(dB)

SMF-28

N/A

>6

N/A

UHNA1

4.2

4.5

0.2

UHNA3

3.7

4.2

0.6

UHNA4

2.5

3.5

1.0

UHNA7

2.5

3.7

1.2

4.4 Conclusion
One of the most difficult aspects of photonic device integration has been the transition from
fiber mode to waveguide mode on-chip. The main issue affecting the performance of a photonic
device is mode mismatching between fibers and waveguides.
We demonstrated a high-efficiency, polarization-insensitive solution by combining a spliced
fiber with an optimized inversely tapered waveguide in this work. This method has obvious
advantages in terms of efficiency, robustness and affordability when compared to the fragile
and expensive lensed fiber. Low-loss fiber splicing is essential for this fiber-to-chip coupling
approach to achieve high transmission. For many types of high numerical aperture fibers, this
approach demonstrated reduced PDL and insertion loss. More information on the fiber splicing
and coupling results can be found in [103].

Chapter 5
Bi-layer Grating Coupler for Photon
Detection

Figure 5.1: Render image of a bi-layer grating coupler.

III-V device integration on a silicon chip is a tough task. As we indicated in previous
chapters, multiple integration options are available by categorizing them as native growth, het53
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erogeneous integration, and hybrid integration.
The grating coupler, as indicated in Section 4.1, is crucial in photonic integrated circuits
due to its ability to test entire wafers and moderate design and fabrication ease. The grating
coupler, in particular, eliminates the dicing and etching of separate dies. The grating coupler
also has a flexible lateral alignment requirement. The out-of-plane coupling method, as shown
in Figure 5.1, not only resolves the conflict between the device’s footprint and compactness, but
also removes the limits on the detector’s physical dimension.
The theoretical coupling efficiency of a single-layer grating coupler is greater than 40%
(-4 dB), however actual fabricated devices are typically much lower than this value due to
fabrication imperfection and other issues [90]. More complicated systems, such as the apodized
grating coupler [27], 2-dimensional (2D) grating couplers [48] and the additional metal layer
beneath the grating [18] (loss < 0.6 dB), are proposed to improve coupling efficiency. Among
the offered options, apodized grating couplers have a lot of promise in bridging the gap between
fabrication ease and coupling efficiency. However, the operating bandwidth of these grating
couplers is very narrow (1 dB bandwidth less than 100 nm [72]) because the design principles
of the grating couplers. In comparison, an edge coupler’s 1-dB bandwidth can be hundreds of
nanometers [65].
As illustrated in Figure 5.1, unlike the plasmonic coupler provided in Chapter 4, the purpose
of the grating coupler developed in this work is to efficiently emit light waves from an on-chip
waveguide to an out-of-plane photodiode rather than an optical fiber. This paper demonstrates a
new approach for integrating a photon sensing component into a PIC device without using fiber
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connection.

5.1 Fundamental of Grating Couplers
The basic mechanism of grating coupler is based on Bragg’s condition:
kz = β − mK

(5.1)

where kz represents the projected wave vector in propagation direction. β represents the propagation constant of guided mode. m refers to the mth order of constructive diffraction. K is the
reflected wave vector.
2π
sin(θ )
λ
2π
β=
ne f f
λ
kz =

K=

2π
Λ

(5.2a)
(5.2b)
(5.2c)

where θ represents the incident light mode angle related to the surface of the grating, and Λ is
the period of the grating coupler. ne f f is the effective refractive index of the grating.

Figure 5.2: The wave interfere with periodic structure will create interference waves.
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The periodic index modulation is done by partially etching the waveguide, as shown in
Figure 5.2. Wave reflections and diffraction are caused by these refractive index discontinuities.
The phase of the reflected wave can be manipulated by altering the pitch and duty cycles of
the refractive index modulation. The resulted interference can be constructive or destructive
depending on the phase difference between interfered waves. To make the model easier to
understand, we assume that the grating coupler’s depth is substantially larger than the grating
period and wavelength height. We can treat the grating coupler as a one-dimensional (1-D)
periodic waveguide array because of this assumption.
The effective index in Equation 5.2b can be determined as the average effective index of
1-D 220 nm slab and air if the duty cycle of the grating coupler is 50%. As a result, the grating
coupler effective index neff can be approximated as (2.85 + 1.45)/2 = 1.83.

Figure 5.3: The diagram shows the relation between wave vectors composition and departure angle
θ.

In order to reduce the unwanted reflection waves resonating between the input and output
grating, the period of the grating was purposefully detuned to induce a phase mismatching
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between the grating period and the wave period . As illustrated in Figure 5.3, this design
eliminates second-order diffraction and causes the light wave to depart from the grating coupler
at a small angle. If we call the vertical direction z-direction and the wave propagating direction
x-direction, then the wave vectors in the x- and z-directions are kz and kx , respectively. The
#
combined wave vector’s magnitude is k0 = kx2 + kz2 . As a result, the departure angle θ can be
written as follows:

θ = tan−1

kz
kx

(5.3)

In Figure 5.3, the vertical component kz also has a symmetrical component k−z that directs
negative z-direction. This is due to the grating coupler’s symmetrical x-direction structure. The
maximum coupling efficiency of this sort of simple grating coupler is less than 50% as a result
of this symmetrical characteristic.
The grating coupler can be built in the shape of a circular or elliptical grating to create a
focusing plane, as shown in Figure 5.4a. These designs allow the coupled-in wave to travel the
same distance from the grating coupler’s edge to the central region, increasing efficiency.
In this research, we’re looking into the structure of a bi-layer grating coupler that’s been
optimizaed for photon detection. The goal of this grating coupler is to improve transmission
between the on-chip waveguide and the photodetector, thus increasing the photodetector’s responsiveness.
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(b)

Figure 5.4: The electric field distribution of a grating coupler, light wave starts from the left-side
of the images. Simulated at a wavelength of 1550 nm. (a) The top view of a typical circular grating
coupler that collects light from a fiber and directs it to an on-chip waveguide. (b) The simulation
of a grating coupler’s side view demonstrates the wave components’ uniform distribution as they
simultaneously travel up and down the coupler.

Figure 5.5: The schematic of a bi-layer grating coupler with photo diode integrated.

5.2 Simulation
The bi-layer grating coupler is one of the most promising grating designs, because of its high
coupler efficiency and relative fabrication ease compared to other designs such as buried metal
reflectors and 2D grating grids [59].
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As shown in Figure 5.5, we included the variation of five key parameters in grating couplers:
pitch La and Lb , duty cycle DCa and DCb , and starting position offset Xb . Both silicon nitride
layers have a thickness of 220 nanometers.

(a)

(b)

Figure 5.6: The result of the 2D optimization can be verified in a 3D model with reasonable
error. (a) The particle swarm optimization in the 2D model. Simulations were ran at 1550 nm
wavelength. (b) The result of a 3D model with the parameters from 2D optimization.

We performed FDTD simulations for designing the bi-layer grating couplers. The 3D simulation for a complete grating coupler normally takes 10 hours or more to complete due to the
grating coupler’s dimension being on a scale of a hundred micrometers. As a result, we optimized the parameters by implementing particle swarm optimization (PSO) in the 2D scenario.
PSO employs a repeating computing resource to identify the best figure of merit (FOM)
within a reseasonal time frame. The position vector of the particles changes over the course of
the PSO iterations. By giving the particles random directions, the movement of the particles will
quickly converge to the local or global maximum [30]. For example Si waveguide crossing [24],
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III-V nanocrystal wires [104], Si photonic crystal waveguide [79], wave phase conjugation [14],
and multimode Si waveguide bends [88].
After the optimization is complete, the improved parameters are applied to the 3D model
and the simulation is run to ensure consistency. The result of the 3D simulation is close to the
optimization result in the 2D scenario, as illustrated in Figure 5.6. The disparity could be due
to the 3D model’s grating coupler’s finite width.
Five groups of grating couplers with optimal parameters were summarized in table 5.1. We
assumed a 5 µm thick buried silicon dioxide layer beneath the grating layer, as well as a 5
µm thick oxide layer covering the waveguides. The distance between two grating layers is
approximately 100 nanometers. The electric field distribution of the grating coupler is shown
in Figure 5.6.
Table 5.1: Parameters for Different Grating Coupler Designs
Top Grating

Bottom Grating

La [µm] GLa [µm] Lb [µm] GLb [µm] Xb [µm]
Design-1

1.121

0.568

1.085

0.613

-0.193

Design-2

1.646

0.969

1.633

0.611

-0.544

Design-3

1.989

1.285

1.950

1.359

-0.214

Design-4

1.307

0.623

1.300

0.742

-0.118

Design-5

1.279

0.773

1.274

0.809

-0.158

Multiple solutions with similar performance exist for this bi-layer grating coupler because
it includes multiple aspects of optimization. We chose five sets of settings that produce grating
couplers with similar performance. Figure 5.7 shows the transmission-wavelength curves (a).
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In the table 5.1, the final parameters are presented.

Figure 5.7: The detailed analysis of the departure beam. Simulated at a wavelength of 1550 nm. (a)
The electric field distribution of the designs. (b) The transmission of grating coupler with different
gap distance from the grating coupler to the detector. (c) The curve plots of the transmission from
(b) for better visualization.

From the simulation results in Figure 5.8 and Table 5.2, it’s easy to find that the transmission
of the designs has a strong dependence on the emit angles. For example, Design-1 has the most
normal emit angle resulting in the most obvious transmission fluctuation in the simulations, as
shown in the first column in Figure 5.7b and Figure 5.8b. In comparison, design-3’s emit angle
is more oblique, therefore its transmission is less dependent on the gap distance. According to
this analysis, the interference of the waves that are reflected between the silicon dioxide coating
and the InP material and the departure wave from the grating coupler causes the transmission
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(b)

Figure 5.8: Result of the 5 grating designs. Simulated at a wavelength of 1550 nm. (a) The
transmission of the designs versus wavelength. (b) Farfield analysis for the 5 designs. The designs’
emission angle and peak intensity are clearly depicted.

to fluctuate. In practical applications, applying refractive index matching liquid on the surface
of the grating coupler may reduce this reflection.
Table 5.2: Simulation Results for Different Grating Coupler Designs
Peak Transmission

Emit Angle [°]

Design-1

70%

4

Design-2

75%

23

Design-3

76%

33

Design-4

85%

13

Design-5

74%

13

The light power reaches the active region of the InP detector did not degrade much after 100
µm propagation, as illustrated in Figure 5.9a. As a result, the majority of losses are caused by
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reflection between the oxide coating of the grating coupler and the detector’s substrate. This
conclusion is also supported by the transmission simulation in Figure 5.7.

(a)

(b)

Figure 5.9: Additional simulation for Design-4. (a) The transmission of the grating coupler
Design-4 with various InP substrate thicknesses. (b) Analysis of the grates dimension error affects transmission.

Finally, we examined the device’s robustness. As demonstrated in Figure 5.9, the length of
the grates in Design-4 are modified to determine the impact of the fabrication error. The result
shows that if the fabrication error is within a range of ± 100 nm, the design transmission is
roughly the same. As a result, it can withstand most fabrication processes.

5.3 Experimental Results
The practical characteristic was carried out by a group from Delaware University. The results
of the specimen are summarized in Table 5.3. The general trend matches the simulation results
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in Table 5.2 rather well. Specifically, the angles of the departure beams have a greater impact
on the overall transmission. Design-1, for example, has the smallest emittance angle and consequently the best coupling efficiency. Design-3, on the other hand, performed poorly due to
the largest emit angle. Design-4 and Design-5 share the same departure angle. In this situation,
a larger peak intensity in far-field analysis leads to a higher coupling efficiency.
Table 5.3: Measurement Results for Grating Coupler Designs at Different Wavelengths
External Resp. [A/W] Grating Efficiency [%]
Wavelength [nm] 1540

1550

1560

1540

1550

1560

Design-1

0.14

0.21

0.20

47

73

68

Design-2

0.16

0.16

0.18

54

53

60

Design-3

0.16

0.13

0.14

53

43

48

Design-4

0.18

0.17

0.14

59

58

47

Design-5

0.11

0.13

0.09

38

43

31

The photodiode’s highest responsivity is 0.21 A/W at 1550 nm. The responsivity is determined by losses from the edge coupler, grating coupler, reflections at each interface, and other
factors. In Design-5, we determined that the edge coupler and air-InP interfaces have true losses
of 2.22 dB and 0.7 dB, respectively. The calculated grating coupler effectiveness is 73% as a
result (equivalent to an insertion loss of 1.49 dB).
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5.4 Conclusion
Integrating heterogeneous materials in silicon photonics platforms is a difficult task. Due to differences in native crystal structure, integrating two types of materials with distinct lattice sizes
is challenging. In this environment, developing high-performance photonics devices requires
the integration of passive and active components at a low cost and with great efficiency. To optimize the interaction between active and passive photonics components, a variety of methods
are proposed.
In this study, a III-V photodiode was combined with a bi-layer grating coupler design to get
a high responsivity result. We demonstrated a high-efficiency light detection system in an onchip SiN waveguide. This design is low-cost, high-efficiency, has a high level of ruggedness,
and is compatible with CMOS fabrication. Furthermore, we believe that using the die-bonding
approach to eliminate the air gap between the grating coupler and photodiode will improve this
design even more.

Chapter 6
Lithium Niobate Modulator

Figure 6.1: Schematic view of the electro-optic modulator based on silicon nitride waveguide and
thin film lithium niobate slab.

Lithium niobate has been studied for decades because of its exceptional nonlinear performance and recently gotten much attention in the fields of photonic integrated circuits, nonlinear
applications, and electro-optic modulators [5]. Figure 6.1 shows a render image of a LiNb
66
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modulator.
In this chapter, the fundamental principles of LiNb material will be explained. Including
the conflict between the SiN layer thickness and the LiNb mode matching, the reduction of
scattering loss at the LiNb slab edge, and the modulation efficiency inside the LiNb region.
Since the primary objective of this project aims to investigate the feasibility of LiNb platform
at visible wavelength, the design is not optimized for achieving high performance.

6.1 Background
Countless projects are aimed at improving the performance of photonic devices. The lithium
niobate modulator, for example, has been extensively studied in recent decades due to its excellent electro-optic effect. Table 6.1 summarized some key information regarding lithium niobate
modulator research during the recent years.
Most efforts rely on lensed fibers, wafer-scale bonding, and electron beam (E-Beam) lithography to compete with the performance. The majority of those designs employ E-beam lithography and lensed fibers, neither of which are suitable for high-volume production. Meanwhile,
there are few studies aiming at minimizing the total loss, cost, and performance of lithium
niobate modulators at visible wavelength.
The etching of lithium niobate is infamous for being difficult. On etching LiNb, most chemical etching procedures have been demonstrated to have little effects. The rough sidewalls
and poor uniformity of wet etching of lithium niobate have been demonstrated to be unfavorable [102]. The isotropic nature of wet etching also made it difficult to use in micron-scale
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Table 6.1: Key information of recent works toward lithium niobate modulator. Simu. represents
simulation only.
Coupler

Fiber

Bonding

Lithography

Waveguide

LiNb

Operation

Type

Tip

Method

Capability

Material

Type

Wavelength

[1]

Edge

Lensed

Wafer-scale

E-Beam

SiN

Rib

C-Band

[12]

Edge

Lensed

Wafer-scale

Unknown

SiN

Slab

C-Band

[66]

Edge

Lensed

Wafer-scale

E-Beam

SiN

Slab

C-Band

[67]

Edge

Lensed

Wafer-scale

E-Beam

Chalcogenide

Rib

C-Band

[68]

Edge

Cleaved Wafer-scale

E-Beam

SiN

Slab

C-Band

[95]

Edge

Lensed

Wafer-scale

E-Beam

Si

Rib

C-Band

[96]

Edge

Lensed

Wafer-scale

E-Beam

Si

Rib

C-Band

[98]

Edge

Lensed

Piece-wise

Unknown

Si

Slab

C-Band

[74]

Edge

Simu.

Piece-wise

Simu.

Si

Slab

C-Band

This Work

Edge

Cleaved

Piece-wise

DUV

SiN

Slab

Visible

patterns. Physical etching of lithium niobate is accomplished via reactive ion etching and inductively coupled plasma. These etching processes take a long time to complete and have a
low selectivity for photoresist [69]. As a result, the field zone is usually covered with a metallic
protective mask layer. This necessitates additional fabrication steps and increases the design’s
complexity. Dry etched lithium niobate waveguides, on the other hand, frequently have rough
sidewalls. The rough sidewalls can considerably worsen the propagation loss due to scattering
in high refractive index contrast waveguide material combinations such as lithium niobate with
silicon oxide cladding. The propagation loss is substantial when the lithium niobate waveguide
is larger than a few millimeters. A gas cluster ion beam smoothening approach was described to
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minimize surface roughness to increase sidewall wall smoothness [82]. [91] proposes another
method for producing a vertical sidewall. Titanium diffusion, on the other hand, is being investigated as a method of forming waveguides in LiNb bulk material by increasing its refractive
index in certain locations [87]. The waveguide created by titanium diffusion, on the other hand,
usually has a low mode confinement. [81] and the combinations of the above methods [37] are
given using focused ion beam (FIB). Argon milling has produced the best etching results, with
propagation loss as low as 2.7 dB/m [106] and a small bending radius of r = 20 µm [96].
These process approaches are either too expensive or too time-consuming to be used in
high-yield production. We avoided the etching procedure in this work by keeping it as a slab.
Furthermore, while the majority of LiNb modulator research focuses on the C-band wavelength,
there is growing interest in incorporating PIC in systems that use visible wavelengths. For
example, quantum information processing [19], bio-sensing [32, 73] and augmented reality
displays [52]. [74] proposed a method for directly integrating LiNb on Si waveguide without
etching, achieving Vπ = 2.5 V · cm in simulation. We presented a similar strategy in our design,
but using SiN as the main material and an operational wavelength of visible wavelength. The
following sections will go over the design in detail.

6.2 Design & Simulation
6.2.1

Lithium Niobate

The fundamental mechanics of the electro-optic modulator can be classified into several types:
(1) amplitude/intensity; (2) phase; (3) polarization, and so on. The target is to change the real
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or imaginary portion of the complex refractive index number n̄:

n̄ = n + iκ

(6.1)

The real part of the complex refractive index n̄ can be changed by electro-refraction modulation, whereas the imaginary part or extinction coefficient κ is changed by electro-absorption
modulation. The n factor alters the phase velocity of the incident optical signal, whereas the κ
factor alters its intensity. The former instance is the primary focus of this research. When an
external electric field is applied to a substance, the refractive index of that material will change.
The Pockels effect is defined as when the refractive index varies in response to the applied
electric field. Kerr’s effect is defined as when the refractive index changes in proportion to the
square of the applied electric field [75].

(a)

(b)

Figure 6.2: Two types of refractive index response to applied electric field: (a) Pockels effect; (b)
Kerr effect.

The refractive index changes are typically minor, but multiplying this small change by the
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optical channel length might result in a large phase shift in the waveguide. The material’s
electric field dependence can be represented precisely as [7]:

P̃(t) = ε0 χ (1) Ẽ(t) + P̃NL (t)

(6.2a)

P̃(t) = ε0 [χ (1) Ẽ(t) + χ (2) Ẽ 2 (t) + χ (3) Ẽ 3 (t) + · · · ]

(6.2b)

where P̃(t) is the material’s polarization density and P̃NL (t) is the nonlinear component.
The permittivity of open space is ε0 . The time-dependent electric field is denoted by Ẽ(t). The
first-order susceptibility (linear susceptibility) is represented by χ (1) , whereas the second-order
and third-order nonlinear optical susceptibilities are represented by χ (2) and χ (3) , respectively.
Each subsequent order of χ will often be 1011 smaller than the prior order. For example, the
χ (2) is often in the range of 10−12 m/V , but the χ(3) is in the order of 10−24 m2 /V 2 [7]. As a
result, orders higher than the third can usually be safely ignored.
Only noncentrosymmetric crystals have the second-order nonlinearity χ (2) . Because χ (2)
vanishes for materials with inversion symmetry, second order nonlinearity cannot be manifested. Both centrosymmetric and noncentrosymmetric materials can have the third order χ (3)
(for example silicon).
Lithium niobate is a nonlinear birefringent substance. That is, the refractive index is affected
by the polarization and propagation orientation of the optical wave. The extraordinary refractive
index (ne ) is defined as the refractive index along the z-axis in lithium niobate, whereas the
ordinary refractive index (no ) is defined as the refractive index along the x-axis and the y-axis.
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This characteristic enables the quasi-phase-matching approach to be used. In second harmonic
generation, this approach employs a regularly poled lithium niobate thin film [66]. Lithium
niobate wafers that are commercially accessible are frequently sliced into several orientations.
The z crystal axis is perpendicular to the wafer surface in z-cut LN, and the same is true for
x-cut and y-cut LN wafers.
The general index matrix of dielectric material can be expressed as:
x2 y2 z2
+ + =1
n2x n2y n2z

(6.3)

where nx , ny , nz corresponding to the refractive index along x, y and z-axis, respectively.
The index ellipsoid of the material is defined by the equation 6.3. The charges in the molecules
redistribute when an external electric field is applied to the material, changing the size and
orientation of the index ellipsoid. With the Pockels effect, the change in refractive index in a
material can be stated as [63]:
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The matrix shown in Equation 6.4 can be summarized as:
∆(

1
)i =
n2

3

∑ ri j E j

j=1

(6.5)
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where ri j is the linear electro-optic coefficient, E j is the electric field applied in jth component. Many elements in the electro-optic tensor are zero due to the symmetry of the crystal
materials, while others have the same or negative values. The electro-optic tensor of lithium
niobate can be written as:
-

rLN

−r22 r13
. 0
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(6.6)

Each element’s worth fluctuates depending on how the crystals are created and how pure
they are.Typical LiNb crystal values include r13 = 8.6pm/V , −r22 = 3.4pm/V , r33 = 31pm/V ,
and r42 = 28pm/V . The extraordinary refractive index ne (z-axis) for a wavelength of 0.63
µm is 2.2082, while the ordinary refractive index no (x- and y-axes) is 2.2967 [63]. The r33
coefficient is of particular significance because it is substantially larger than other electro-optic
coefficients. Because of its large electro-optic coefficient, LN has a significant Pockels effect
along the z-axis. As a result, most high-performance electro-optic modulators utilize z-cut LN
materials. Excellent results have been obtained from recent work on a silicon-based lithium
niobate modulator with half-wave voltage Vπ less than 1.4 V [95].
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Figure 6.3: Schematic view of a balanced MZI with light propagating in two arms.

6.2.2

Mach-Zehnder Interferometer

LiNb is an excellent material for changing the phase of a light wave traveling in a waveguide.
An interferometer structure is necessary to take advantage of this effect.
The Mach Zehnder Interferometer (MZI) is a device that splits an optical signal into two
pathways, modifies the phase, and then recombines the signals at the output. When two electromagnetic waves recombine at the joint, the respective phase difference creates constructive or
destructive interference. The fundamental components of a PIC MZI system are input/output
waveguides, electrodes, and a multimode interferometer. A balanced MZI is shown schematically in figure 6.3.
It is worthwhile to investigate the concepts of MZI in order to gain a better knowledge of its
mechanism. We may get the electromagnetic wave equation from Maxwell’s equations:
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1 ∂ 2E
=0
c20 ∂t 2

(6.7a)

1
µ0 ε0

(6.7b)

c0 = √
where c0 is the speed of light in the vacuum.
Equation 6.7a has a solution:

U(r,t) = a(r) exp[ jϕ(r)] exp( j2πνt)

(6.8)

where U(r,t) is the complex field containing both the spatial part and the real time-dependent
field, a(r) is the amplitude, ϕ(r) is the phase, ν is the frequency. r is the spatial coordinates.
Equation 6.8 can be written in the form:
U(r,t) = U(r) exp( j2πνt)

(6.9)

where the time-independent part U(r) is the complex amplitude of the wave.
Finally, we can define the electromagnetic plane wave as an electric field:
E(r,t) = Re{E0 exp( jkr) exp(− jωt)}

(6.10)

where E0 is the electric field of the incident light wave. k = (kx , ky , kz ) is the wave vector, and
k · k = k2 .
Consider the case where a plane wave strikes the MZI on the left side, as shown in Figure
6.4. Let’s start by defining a wave with a real amplitude that propagates in the z-direction. The
incident wave can be written as follows:
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Figure 6.4: Diagram of a simple balanced MZI system.

E(z,t) = E0 e j(kz z−ωt)

k=

2πν
ω
n= n
c0
c0

(6.11)

(6.12)

where k is referred to as the wavenumber. n is the refractive index of the medium.
γ = α + jβ
β=

2π
n
λ

(6.13a)
(6.13b)

where γ is the propagation constant; α is the attenuation constant; β is the phase constant and
λ is the wavelength. The intensity of the wave is defined as:
I(r) = |U(r)|2

(6.14)

where I is defined as the intensity of the wave at the given position r. In this case, the intensity
is the square of the incident electric field |E0 |2 . If the splitting ratio of the Y-splitter is 50:50,
then the electric field propagated in each arm can be expressed as:
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α1
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2
2
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α2
E2 = √ exp( jβ2 L2 − L2 )
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(6.15a)
(6.15b)

where L1 and L2 denotes the length of the top arm and bot arm, respectively. Equations 6.15
defines the electric fields in lossy waveguides of the MZI arms. After the wave recombine at
the right joint, the combined wave can be expressed as:

Eout =

α2
E1 + E2 E0 jβ1 L1 − α1 L1
2
√
= [e
+ e jβ2 L2 − 2 L2 ]
2
2

(6.16)

For simplicity, we can ignore the attenuation part and rewrite the Equation 6.16 in the lossless
case:
Eout =

E1 + E2 E0 jβ1 L1
√
= [e
+ e jβ2 L2 ]
2
2

The corresponding output intensity can be calculated:
%
&
Iin
2
2 β1 L1 − β2 L2
Iout = Eout = Iin cos
= [1 + cos (β1 L1 − β2 L2 )]
2
2

(6.17)

(6.18)

If the materials and transverse dimensions of two MZI arms are assumed to be identical
(i.e. β1 = β2 ), In Equation 6.18, we may depict the output intensity as a function of length
difference, as shown in Figure 6.5.
The peak spacing in spectral response is defined as the Free Spectral Range (FSR):
FSR =

λ2
∆L ng

(6.19a)

dn
dλ

(6.19b)

ng = n − λ

where ng is the group index of the waveguide medium.
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Figure 6.5: The output intensity of a unbalanced MZI versus the length difference.

6.3 Design & Simulation
The waveguide in the LiNb modulator involves three major parts: (1) the SiN waveguide under
the LiNb slab, (2) the SiN waveguide near the interface of bonded LiNb slab, and (3) the SiN
waveguides in the passive region, i.e. the rest of the modulator regions. These regions have
various waveguide dimensional requirements. We divided the design into three sections and
presented solutions to these issues.

6.3.1

Mode Confinement Analysis for SiN Waveguide Under LiNb Slab

One of the main focuses of this study is the mode transition that occurs while entering the LiNb
zone. To produce larger electro-optic modulation effects, the mode profile should be primarily
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restricted to LiNb. As a result, a mode confinement study is required to improve the LiNb
modulator’s efficiency. The mode power integration can be expressed as:

Pmode =

"

S

P · dS

P = E×H

(6.20a)
(6.20b)

where Pmode is the mode power in the specific area S. P is the Poynting vector. E and H are
the electric field vector and magnetic field vector, respectively. We used the Lumerical Mode
solver to calculate the mode power distribution in each components. The electric field energy
integral is applied to this area after a spatial mask is created to filter the specific region. Figure
6.6 demonstrates an example of the mode confinement analysis.
We placed the LiNb slab directly on top of the SiN waveguide to adjust the mode power
distribution. This results in an upside-down ridge waveguide, as illustrated in Figure 6.6a, with
the SiN waveguide at the bottom and the LiNb slab at the top. The propagation of light modes
in the LiNb slab section is aided by this configuration.
The thickness of LiNb was set to 100 nm, with a 50 nm gap between the LiNb slab and
the SiN waveguide. The silicon nitride waveguide was subjected to a width sweep, while the
thickness keeps 220 nm. Figure 6.7 depicts the outcome. Since SiN and LiNb have similar
refractive indices, the power can be transmitted by narrowing the SiN waveguide. After the
silicon nitride part’s width is reduced to nil, the power percentage in the non-etched LiNb slab
is around 23%. The mode fraction will grow as the LiNb slab’s thickness increases, improving
the mode modulation efficiency. However, the modulation region will experience increased
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(b)

Figure 6.6: Electric field energy distribution in mode confinement analysis. Simulated at 780
nm wavelength. (a) The overview of light mode in silicon nitride waveguide under lithium niobate
slab. The black outline shows the contour of the LiNb slab on top and the silicon nitride waveguide
underneath. (b) Two images in the left group show the masks for calculating the electric power in
each component. The two images in the right group show the filtered electric field.

scattering loss and propagation loss as a result.
Finally, we ran an FDTD sweep simulation to check that light propagation was low-loss in
the modulator region. The simulation’s total propagation distance is set to 20 µm for conserving
computational resources. The thickness of the SiN waveguide is 0.22 µm. The edge of the LiNb
slab causes a refractive index discontinuity, resulting in multimode excitation and scattering.
This analysis can be used to design the SiN waveguide width variation in the LiNb modulator
region. To see the mode conversion and transmission, an additional 200 µm cross-LiNb area
propagation model is conducted. The electric field distribution is plotted in Figure 6.8
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Figure 6.7: Waveguide width sweep for mode confinement analysis. The black line shows the
power in the LiNb slab. The blue line shows the power in the silicon nitride waveguide. The red
line shows the remaining power in the cladding material. The wavelength of the simulation is 780
nm.

Figure 6.8: Propagation of light wave starting from left mode escalator, travel through LiNb slab,
and reaches the mode escalator on the right. The wavelength of the simulation is 780 nm.
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Mode Matching Analysis for SiN Waveguide Entering LiNb Slab Region

(a)

(b)

Figure 6.9: SiN waveguide and SiN waveguide under LiNb Slab mode matching analysis (a) Rendered 3D View of a SiN waveguide entering the LiNb bonded area. The wavelength of the simulation is 780 nm. (b) The MODE overlap calculation for the coupling at the interface of bonded
LiNb slab on SiN waveguide. The color bar denotes the transmission.

To avoid scattering in light mode at the LiNb slab interface, the waveguide requires a more
confined light mode, i.e. a larger SiN waveguide dimension. As shown in Figure 6.10, the
waveguide may have varying widths to minimize scattering loss.
We did a mode matching analysis for the coupling between a SiN waveguide and a SiN
with LiNb slab connected to verify this. The SiN waveguide and LiNb slab thicknesses were
set to 200 nm and 100 nm, respectively. The LiNb slab is sufficiently wide to extend outside
the simulation region. For mode power overlapping, the widths of the SiN waveguide before
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and after entering the LiNb slab are swept. The result, as shown in Figure 6.9b, reveals that
at the interface, both SiN waveguide widths must be greater than 1 µm in order to achieve a
transmission greater than 90% at the interface.

6.3.3

Mode Escalator for Reducing SiN Waveguide Propagation and Coupling Loss

(a)

(b)

Figure 6.10: Dual-layer Sin waveguide mode escalator structure diagrams. (a) The render image
of the structure of the light mode escalator at the LiNb interface. (b) Structure diagram of the mode
escalator.

In the guiding SiN waveguide, the light mode, on the other hand, favors a smaller and thinner
waveguide to maintain the fundamental mode. A thinner SiN will also aid to enlarge the mode
size and eliminate mode mismatching when coupling light from a single mode fiber.
The requirements for decreasing fiber coupling loss and cooperating with LiNb slabs are
incompatible. To solve this difficulty, we created a light mode escalator to change the model.

CHAPTER 6. LITHIUM NIOBATE MODULATOR

84

Two layers of SiN waveguide make up this mode converter: a lower layer with a thickness of
150 nm and an upper layer with a thickness of 220 nm. SiN waveguides in the first layer guide
light waves across the passive components region and couple light between single mode fibers
and waveguides. The second layer SiN waveguides are designed to reduce light propagation
loss under the LiNb slab.
In the mode escalator, top and bottom SiN waveguides are designed to have mode size
converter in inverse direction, as depicted in Figure 6.10a. As we discussed in the Section 2.2.
The inversely tapered mode converter will efficiently converter the mode size. During the mode
is expanding, the evanescent field of a waveguide will coupling into its adjacent waveguide.
Again, in order to keep a low mode coversion loss, we designed the length of the dual-layer
escalator to be about 200 µm.

(a)

(b)

Figure 6.11: SiN mode escaltor simulation results. The wavelength of the simulation is 780 nm.
(a) Electric field distribution of a wave propagation in the structure. (b) The mode transmission of
the mode escalator.
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The mode esclator can efficiently convert the mode between the first 150 nm SiN waveguide
layer and the second 220 nm SiN waveguide layer. As demonstrated in Figure 6.11a and 6.11b,
the coversion efficiency in the simulation is greater than 98%.

6.4 Experimental Results

Figure 6.12: Following the receipt of a patterned SiN wafer, the LiNb slab is bonded to the dies
after the electrodes have been processed.

Due to the limited fabrication tools accessible at the RIT SMFL. The production of the
silicon nitride waveguides are finished in the AIM Photonics. The manufactured wafer is diced
into large dies and deep-etched edges, as shown in Figure 6.12.
Deep etching on the dies’ edges facilitates edge coupling fiber alignment. The electrodes
are patterned using a contact aligner (Karl Suss MJB-4) in the RIT SMFL, and each of the big
dies has three design arrays. Approximately 200 nm of oxide is removed after a two-minute
buried oxide layer etch, followed by a total of 200 nm titanium-gold evaporation. After the
lift-off operation, the die is diced into smaller dies for LiNb slab bonding.
A photo of the pratical test setup is shown in Figure 6.13. Light from a continuous laser
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Figure 6.13: Photo of the silicon nitride chip with LiNb chip integrated. The enlarged inset shows
the details of the probes and fibers. The diagram illustrate the connection of the devices.

source is sent into the input fiber (Thorlabs 780HP single mode fiber). A fiber polarization
controller (FPC) regulates the polarization of the input light. After using the edge coupler to
coupling light to the waveguide on-chip, the light is modulated as it passes through the LiNb
region, which is tuned by an external electrical signal source. Probes are used to apply voltage
to the electrodes on the chip from an external DC/AC source. Finally, an external optical power
meter is connected to the output fiber for monitoring the modulated light signal. Index matching
fluid (n = 1.440) is applied to the chip’s surface to help lessen scattering loss.
As depicted in Figure 6.15, we created loops and MMI trees to identify the propagation loss
and extra splitting loss of the SiN passive devices made by AIM Photonics in order to assess
their performance.
Firstly, we investigate the performance of the edge couplers built into in the LiNb modulator.
Figure 6.15a shows the relationship between the normalized power and the length and tip width
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Figure 6.14: Loops and MMIs for passive devices characterization.

(a)

(b)

Figure 6.15: Measurment results of the fabricated passive SiN devices. (a) Measured coupling
power vesus the length and tip width of the inversely tapered edge couplers. (b) Normalized power
of various tiers of MMI outputs.

of the edge coupler. It is evident that 300-nm long tapers function best for the majority of the
designs. The limitation of the fabrication capabilities may be the cause of the 80-nm tip width
taper’s inconsistent behavior.
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The performance of the MMI are measured and summarized in Figure 6.15b. Although there
are some inconsistencies, the MMI’s excess insertion loss is relatively low, and the outputs of
each MMI are equally split.

Figure 6.16: Measured propagation loss for the first silicon nitride layer. Two widths of wavegudies
are designed and measured.

Table 6.2 provides an overview of the loops’ absolute and relative lengths. The measurement
results of the SiN waveguide made by AIM Photonics are shown in Figure 6.16. The data points
are subjected to a linear fitting. It is simple to extrapolate that the propagation loss of SiN with a
thickness of 150 nm at 780 nm wavelength is approximately 3 dB/cm and 6.1 dB/cm for widths
of 0.5 µm and 0.6 µm, respectively. For 220 nm thickness SiN waveguide, the propagation loss
increased to 18 dB/cm, and 12 dB/cm for widths of 0.5 µm and 0.6 µm, respectively.
The LiNb modulator was subjected to various direct current (DC) voltage biases. The fre-
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Table 6.2: Propagation Loss Measurement Data of the Lower Layer SiN Waveguide with 150 nm
Thickness and 0.5 µm Width.
Absolute

Relative

0.5 µm Width

0.6 µm Width

Length [µm]

Length [µm]

Power [dB]

Power [dB]

Loop-1

8745

0

-4.56

-4.90

Loop-2

9245

500

-5.03

-5.16

Loop-3

9745

1000

-5.03

-5.78

Loop-4

10245

1500

-5.06

5.70

(a)

(b)

Figure 6.17: Measurment results of the fabricated passive SiN devices. (A) Phase comparison
using a 2D surface plot. (b) 3D surface plot for better visualization.

quency response result is plotted in Figure 6.17. The response curve displays a π phase shift
once the applied voltage is increased from 20 V to 45 V. The 3 mm total length of the effective
modulation region under LiNb slab leads to the conclusion that the equivalent device’s π phase
shift voltage VπL is around 7.5 V · cm.

CHAPTER 6. LITHIUM NIOBATE MODULATOR

90

Figure 6.18: Optical signal response at 200 kHz modulation rate.

We used an external triangle function generator to apply the signal to the chip’s electrodes
during the AC response test. As shown in Figure 6.18, the applied voltage has a 20 V peak-topeak voltage. The modulated optical signal is still clear at the function generator’s maximum
modulation rate of 200 kHz. We noticed that as the frequency is increased, the modulation
response’s amplitude rapidly decreases. The buildup of charge on the gadget, which creates a
capacitor and impairs modulation performance, may be the cause of this problem.

6.5 Conclusion
In nonlinear photonics applications, lithium niobate is a promising material. The hard-etching
feature, on the other hand, makes it notorious for fabrication processing. We eliminated the
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etching stage of lithium niobate in our work, which reduced the fabrication complexity at the
expense of electro-optic modulation performance. Meanwhile, the cost of precious lithium
niobate wafers is reduced by using the pieces-wise bonding approach. The non-etched LiNb
slab, on the other hand, introduces extra losses due to low mode confinement.
The performance of the edge coupler and MMI is displaying exceptional results in passive
device measurements. However, the propagation loss of the SiN waveguides are higher than
expected. The mix ratio of the gases used during the LPCVD SiN film deposition or the inadequate cladding material are two possible causes of the increased waveguide propation loss
(index matching fluid).
In this work, we simulated and fabricated an electric-optic modulator based on LiNb and
SiN materials operating at visible wavelength 780 nm. In the DC response test, the Vπ · L phase
shift is about 7.5V · cm in the practical measurement. In the AC modulation test, the modulation
rate reaches about 200 kHz with 20 VPP applied.

Chapter 7
Conclusion
Silicon-based materials are widely available, lowering the cost of research and mass production.
The silicon material’s indirect bandgap is a fatal flaw in photonics applications. As a result, it
is inevitably to integrate photonics devices based on III-V materials and other materials on the
same chip. However, due to the obvious shortcomings of silicon photonics, the integration of
silicon photonics circuits to III-V materials is challenging. The high cost of silicon photonics
circuits is due to the difficult integration processes of silicon and other materials, which reduces
the cost advantage. The limited scalability of devices is another downside of heterogeneous and
hybrid integration. The size of photonics devices, on the other hand, are largely constrained by
the device’s concept (for example waveguides have minimum width and height to avoid large
propagation loss). Fortunately, technologies such as plasmonic photonic devices can attain high
performance in a small space. Photonic integrated circuits are an impending technology that
will be used in conjunction with electric circuits. It can make use of the CMOS fabrication
capabilities already available in industrial foundries.
92
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Table 7.1: Different Types of Materials’ Performance in Various Aspects
Plasmonic

Edge

Grating

Evanescent Field

Efficiency

≈35%

> 95%

≈73%

>98%

Footprint

! ! !!

!!

!!

!!!

Flexibility

!!!

!!

!!!!!

!

Fabrication

!!

! ! !!

!!!

! ! !!

Polar. Independence

!

!!!!!

!!

!!!!!

Coupling Type

Out-of-plane

In-plane

Out-of-plane

In-plane

1-db Bandwidth

≈20 nm

>200 nm

≈50 nm

>200 nm

In this work, we investigated in multiple types of passive and active devices in PIC. Numerous integration and optimization methods are put forth, validated by simulation, and practical
experiments. Many projects make use of simulation optimization techniques such as mode
matching analysis, mode confinement analysis, and particle swarm. For enhancing the optical
transmission between various PIC components, fiber splicing, piece-wise bonding, and III-V
integration in close proximity are presented.
For PIC couplers, the characteristics are summarized in Table 7.1. There is a trade-off
between coupling efficiency, broad bandwidth, polarization dependency, device footprint, and
fabrication complexity for different types of fiber-to-chip couplers. For example, the grating
coupler provides more flexibility, wafer-scale integration and out-of-plane coupling, but its
footprint, size, fabrication needs, and operational bandwidth limit its applications. A clean
and smooth edge facet is required for the edge coupler, which can be done by polishing or etching. It also relies heavily on the alignment of the fiber mode to achieve high coupling efficiency.
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Table 7.2: The summary of components and methods implemented in this work.
Components

Optimization Methods

SiN Waveguide

Fiber Splicing

Laser Integration

Piece-wise Bonding

Adiabatic Mode Converter

Mode-matching

Mach-Zehnder Interferometer Mode Confinement Analysis
Multimode Interferometer

Particle Swarm Simulation

Ring resonator
Grating Coupler
Edge Coupler
Plasmonic Coupler
LiNb Modulator

We discussed several improvements to these designs and demonstrated how they could lead to
high-performance hybrid integration solutions.

7.1 Key Contributions
Table 7.2 summarizes the optimization approaches and integrated component in this study. The
goal of this paper is to propose a high-efficiency photonic integration solution that solves the
challenges mentioned above.
The following techniques are used to achieve low-cost, high-efficiency integration:
• In order to couple light from an out-of-plane lensed fiber, we looked into the feasibility
of building a plasmonic coupler. The plasmonic coupler has a compact footprint and is
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affordable. In the experimental measurement, there was a 23 percent transmission from
the lensed fiber to the output of the SiN waveguide on the chip.
• Demonstrate a technique for achieving incredibly low coupling with a Si edge coupler
utilizing spliced UHNA fibers. The proposed method is significantly less expensive
than existing comparable alternatives while maintaining excellent coupling performance.
This method revealed historically low polarization dependency loss and less than 2.5 dB
connector-to-connector loss across a chip.
• A bi-layer grating coupler is provided to enhance the integration of a III-V photodiode on
a SiN platform. The design and incorporation of the grating coupler and photodiode are
the core of optimization. Consequently, a low-cost, highly effective solution for waveguide on-chip photon detection was achieved. The measured photodiode response is 0.233
A/W and the computed transmission efficiency is about 73%.
• On the basis of SiN and LiNb materials, a hybrid integration solution for an electric-optic
modulator is suggested, fabricated and tested. This platform includes several integration
optimization techniques that have been validated through simulation and practical testing.
The modulator is working at visible wavelengths and has showed a lot of potentials for
future development. The measured π shift voltage distance is measured to be about 7.5
V · cm.
In conclusion, we improved a number of hybrid integration methods for PIC components to
enhance the efficiency and lower the cost of passive/active devices.
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7.2 Future Work
The work in this dissertation enhanced the performance of various PIC components by using
proposed hybrid integration methods. However, there is still a long way to go before they are at
their best. The next sections list various PIC components’ possibilities for improvement.

7.2.1

Plasmonic coupler

Plasmonic coupler proven its distinct advantages in the aspect of compact footprint and great
efficiency. The fabrication errors and oxidations in this work significantly reduce the plasmonic
coupler’s performance. The performance of fiber coupling may be greatly enhanced by optimizing the design and production methods of the plasmonic coupler. A fascinating topic will
also be the incorporation of plasmonic devices with other materials such as III-V and LiNb.

7.2.2

Spliced-Fiber Assisted Edge coupler

The consistency of the splice losses is only valid for the same batch when developing the recipes
for splicing UHNA fibers and SMF-28 fibers. i.e. SMF-28 fibers made by different manufacturer have various performance for the same splicing recipe. Additionally, the splicing recipes
for additional fiber combinations, including those that preserve polarization, including elliptical, PANDA, active, tapered, and multi-core fibers, are not developed. The creation of these
specific fibers may expand the range of fields in which this technique can be used.
When creating the recipes for splicing UHNA fibers and SMF-28 fibers, the consistency of
the splice losses is only valid for the same batch. The performance of the spliced fiber will vary
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with different SMF-28 fiber manufacturers. Additionally, the splicing recipes for additional
fiber combinations, such as those that maintain polarization, are not created. These fiber combinations include elliptical, PANDA, active, tapered, and multi-core fibers. The development
of these unique fibers may increase the variety of applications for this method.

7.2.3

Bi-layer Grating coupler

This work looks into the feasibility of easily integrating a III-V photodiode onto a silicon-based
PIC chip. Despite the fact that we demonstrated this solution’s superior performance and costefficiency, there is still much space for future development. For instance, the transmission is
significantly hindered by the air gap between the III-V photodiode and the grating coupler.
The effectiveness of this procedure should be improved by closing this gap by using bonding
method. On the other side, indirect calculation is used to determine the grating coupler’s efficiency which may results in inaccurate results. In the future, a straightforward ”U-shaped”
grating coupler loop can be used to quickly assess the grating coupler’s actual performance
directely.

7.2.4

LiNb Modulator

There are a lot of opportunities for the development of the LiNb modulator working at visible
wavelength. In this work, the performance of the LiNb modulator is limited due to the primary
objective of the design. Further investigation on optimizing the modulation rate and improve the
overall loss could be the next target. Specifically, the air gap between the SiN chip and LiNb

CHAPTER 7. CONCLUSION

98

impaired the performance and stability of this device. The capacitance effects during highfrequency modulation tests can be decreased by improving chip grounding. It can be improved
by using BCB or photoresist bonding techniques. Meanwhile, there is no oxide cladding layer
covering the SiN waveguides on the chip, which significantly increased scattering loss. By
adding a PECVD oxide layer on the device, the propagation loss will be significantly reduced.
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LaRochelle, and José Azaña. Photonic temporal integrator for all-optical computing.
Optics express, 16(22):18202–18214, 2008.

BIBLIOGRAPHY

113

[84] Meint K Smit. Past and future of inp-based photonic integration. In LEOS 2008-21st
Annual Meeting of the IEEE Lasers and Electro-Optics Society, pages 51–52. IEEE,
2008.
[85] FDTD Solutions. Lumerical solutions inc. Vancouver, Canada, 2003.
[86] Ananth Z Subramanian, Eva Ryckeboer, Ashim Dhakal, Frédéric Peyskens, Aditya Malik, Bart Kuyken, Haolan Zhao, Shibnath Pathak, Alfonso Ruocco, Andreas De Groote,
et al. Silicon and silicon nitride photonic circuits for spectroscopic sensing on-a-chip.
Photonics Research, 3(5):B47–B59, 2015.
[87] Kiyomasa Sugii, Masaharu Fukuma, and Hiroshi Iwasaki. A study on titanium diffusion into linbo 3 waveguides by electron probe analysis and x-ray diffraction methods.
Journal of Materials Science, 13(3):523–533, 1978.
[88] Chunlei Sun, Yu Yu, Guanyu Chen, and Xinliang Zhang. Ultra-compact bent multimode
silicon waveguide with ultralow inter-mode crosstalk. Optics letters, 42(15):3004–3007,
2017.
[89] Xiaochen Sun, Lingxuan Zhang, Qihao Zhang, and Wenfu Zhang. Si photonics for
practical lidar solutions. Applied Sciences, 9(20):4225, 2019.
[90] Dirk Taillaert, Frederik Van Laere, Melanie Ayre, Wim Bogaerts, Dries Van Thourhout,
Peter Bienstman, and Roel Baets. Grating couplers for coupling between optical fibers
and nanophotonic waveguides. Japanese Journal of Applied Physics, 45(8R):6071, 2006.

BIBLIOGRAPHY

114

[91] Ryo Takigawa, Eiji Higurashi, Tetsuya Kawanishi, and Tanemasa Asano. Lithium niobate ridged waveguides with smooth vertical sidewalls fabricated by an ultra-precision
cutting method. Optics express, 22(22):27733–27738, 2014.
[92] Ming-Chun Tien, Jared F Bauters, Martijn JR Heck, Daniel J Blumenthal, and John E
Bowers. Ultra-low loss si 3 n 4 waveguides with low nonlinearity and high power handling capability. Optics express, 18(23):23562–23568, 2010.
[93] Diedrik Vermeulen, S Selvaraja, Pl Verheyen, G Lepage, W Bogaerts, P Absil,
D Van Thourhout, and G Roelkens. High-efficiency fiber-to-chip grating couplers realized using an advanced cmos-compatible silicon-on-insulator platform. Optics express,
18(17):18278–18283, 2010.
[94] Yurii A Vlasov and Sharee J McNab. Losses in single-mode silicon-on-insulator strip
waveguides and bends. Optics express, 12(8):1622–1631, 2004.
[95] Cheng Wang, Mian Zhang, Xi Chen, Maxime Bertrand, Amirhassan Shams-Ansari,
Sethumadhavan Chandrasekhar, Peter Winzer, and Marko Lončar. Integrated lithium
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